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Abstract
Two-dimensional (2D) vertical heterostructures composed of stacked layered
semiconductors have attracted intensive interest due to their unique structural and
electronic characteristics and their wide range of potential applications in
environmental remediation and energy conversion. It remains a great challenge to
fabricate such heterostructures based on conventional semiconductors; however, as
they either do not possess a 2D layered structure or are not suitable for epitaxial growth
due to a large lattice mismatch. In this thesis, 2D vertical heterostructures with highly
efficient photocatalytic performances are rationally designed and experimentally
constructed via the integration of conventional layered photocatalysts. Taking 2D Bibased layered semiconductors as examples, the facile anion exchange and one-step
surfactant self-assembly approaches for the synthesis of 2D epitaxial vertical
heterostructures were explored and developed, and their formation mechanisms and
key factors for the enhanced photocatalytic activities were further revealed. The details
are as follows:
1. To take full advantage of the promising ion exchange reaction to build 2D
vertical heterostructures, it is imperative to develop a generalized synthetic
strategy. A universal approach is demonstrated for the construction of various
2D Bi‐based vertical heterostructures suitable for mass production via surface
anion exchange. The possible formation mechanism is further revealed. The
morphologies of products are dependent on the basic sizes and shapes of the
initial 2D Bi-based substrates. Their significantly enhanced catalytic
performances mainly stem from the modification of surface active sites and
increased charge separation.
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2. Vertical heterostructure composed of bismuth oxyhalide semiconductors and
bismuth tungstate fabricated through a heteroepitaxial anion exchange method
are reported. Monolayer Bi2WO6 is epitaxially grown on the exposed surface
of BiOI to inhibit photocorrosion and introduce active sites. Theoretical and
experimental results reveal that electrons generated under visible‐light
irradiation can directly transfer to surface coordinatively unsaturated (CUS) Bi
atoms, which contribute to the adsorption and activation of reactant molecules.
As a result, the Bi2WO6/BiOI vertical heterostructures exhibit significantly
enhanced visible‐light‐driven NO oxidation activity compared with BiOI and
Bi2WO6.

3. It has been challenging to develop facile synthetic routes of atomically thin 2D
layered vertical heterostructures. Herein, the growth of 2D Bi-based vertical
heterostructures consisting of stacked atomically thin BiOBr and Bi2MoO6
layers synthesized by a one-step self-assembly approach is demonstrated. The
significantly enhanced photocatalytic performance of Bi-Mo-Br for NO
oxidation can be mainly attributed to their fine-tuned exposed Bi active sites,
efficient charge separation and transfer, and extended visible-light absorbance.
In addition, the synthetic strategy can be extended to produce a series of 2D
atomically thin Bi-based vertical heterostructures.
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Chapter 1
1. Introduction
1.1. Research Background
The exploration of two-dimensional (2D) materials can be traced back to decades, but
since 2004, Novoselov et al. used scotch tape to successfully strip graphene from
graphite to trigger a research boom in 2D materials.[1] In recent years, 2D layered
materials developed with unique structures and properties have delivered great
potentials for applications in various aspects.[2] Among them, 2D layered materials are
of great significance in exploring energy conversion and storage materials.[3] For
instance, bismuth-based 2D materials layered materials has demonstrated excellent
characteristics as a new component family for building electronic, optoelectronic and
energy conversion and storage devices.[4]

Based on elemental compositions, Bi-based layered materials are classified into four
different categories: unitary, binary, ternary, and multary. Unitary bismuth is an
excellent eco-friendly metal that has a wide range of applications.[5] Moreover, Bibased compounds possess many interesting features that have been applied in energy
related applications.[6] Firstly, a part of the pivotal properties (correspondence of light)
of Bi-based semiconductors is determined by its band gap, yet the size of the band gap
is closely related to the crystal structure.[7] As shown in Table 1.1, in Bi-based layered
compounds, the band structure can be manipulated through by introduction of distinct
anions and cations into the intrinsic layered structure. The band gap can be tuned from
3.6 eV to 0.3 eV, so that the corresponding light absorption is ranged from ultraviolet
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to near-infrared spectra.[8] Secondly, our recent theoretical and experimental studies
proved that the spatially anisotropic p and s-p hybrid states in Bi-based materials lead
to a high-dispersion band structure.[9] It can be seen from the Table 1.1 that the valance
band maximum and the conduction band minimum of the Bi layered materials are
generally constructed by the anisotropic p and s-p hybridization states.[9a] The highly
dispersed electronic structure significantly reduces effective mass of photoexcited
charge carriers and promote their mobility in photoexcitation process.[9b, 9c] Additional
benefit of high carrier mobility includes enhancements of performance in applications
such as solar cell, thermoelectric and optoelectronic conversion devices.[10] Thirdly,
Bi layered components have a stable skeleton structure and a large interlayer space.[11]
It allows foreign ions to intercalate and to form multicomponent stable compounds
without significant structural deformation. This structure facilitate Bi-based layered
compounds a promising material family for developing energy storage devices, for
example ion batteries.

Table 1.1 Crystal and energy structures of 2D Bi-based layered materials. Reproduced with
permission from the American Chemical Society.[9a]
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Recently, due to unique crystal and electronic structures, ternary 2D Bi-based layered
materials were intensively explored and developed as promising candidates for
photocatalytic applications, which can be mainly obtained by inserting various anionic
groups including simple or oxacid anions into [Bi2O2]-based framework.[12] For these
layered compounds, the interactions between positively charged Bi-based layers and
anionic layers are by van der Waals force or weak electrostatic force.[13] Although the
structural and electronic properties of Bi-based semiconductors with same frameworks
can be efficiently manipulated by tuning anions, no single Bi-based semiconductor
can match all of the key criteria for eventual applications in photocatalysis. Thus, it is
highly desirable to develop single nanosystem composed of two or multiple Bi-based
materials, each of which can play a specific role in photocatalytic process, assembled
in arbitrary arrangements to improve the photocatalytic performances. However, it
remains a major synthetic bottleneck to construct such heterostructures.

1.2. Objectives of the Research
The aim of this research is to rationally incorporate different 2D Bi-based layered
semiconductors with unique features into single nanosheet with rigorous morphology
control to construct photocatalytic systems with high solar-conversion efficiency. In
this thesis, several goals are expected to be achieved:
•

Exploration of facile synthetic strategies for the construction of 2D Bi-based
vertical heterostructures.

•

Investigation of the formation mechanism for the epitaxial growth of vertical
heterostructures.
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Unveiling the relationship between the obtained heterostructures and enhanced
photocatalytic performance.

1.3. Thesis Structure
The thesis focuses on the rational design and development of facile synthetic strategies
for the construction of 2D Bi-based layered vertical heterostructures with highefficiency photocatalytic performance. The scope of this thesis work is briefly outlined
as follows:
Chapter 1 introduces the background of 2D Bi-based visible-light-driven photocatalysts and points to the importance and significance of this work.
Chapter 2 presents a literature review on recent progress in 2D Bi-based layered
photocatalysts and significant modulation strategies to enhance their photo-conversion
activities.
Chapter 3 presents the detailed preparation methods, as well as the structural and
photocatalytic characterization techniques for 2D Bi-based vertical heterostructures.
Chapter 4 mainly investigates a general synthetic strategy for the construction of 2D
Bi-based layered vertical heterostructures by the anion exchange method.
Chapter

5

introduces

the

facile

construction

of

monolayer

epitaxial

heterostructures and their application on selective visible-light-driven photocatalytic
NO oxidation.
Chapter 6 introduces atomically thin 2D Bi-based vertically stacked heterostructures
fabricated by a one-step synthetic method with highly enhanced visible-light-induced
photocatalytic activity.
Chapter 7 summarizes the works in this thesis and provides some prospects for the

Chapter 1: Introduction

5

exploration and manipulation of 2D Bi-based materials for photoconversion
applications.
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Chapter 2
2. Literature Review
2.1. Introduction
Nowadays, the pursuit of renewable and ecofriendly energy source is becoming more
and more significantly critical due to the constant increase in demand for global energy
consumption and balance for less related environmental deterioration. Among various
renewable

and

sustainable

energy

sources

(including

solar,

wind,

geothermal, hydropower and tidal energy), the utilization of inexhaustible solar energy
becomes one of key alternative energy resources, which has been intensively
investigated during last decade. For example, solar energy could be practically
employed to split H2O to H2,[1] reduce CO2 to carbon-based fuels[2] and/or fix N2 to
ammonia via photocatalysts.[3] Moreover, for sufficient use of solar irradiation, the
development of visible-light-driven photocatalysis with high reactivity has attracted
extensive interest because visible light occupies the main part of the solar spectrum. A
typical visible-light photocatalytic process (Figure 2.1) generally involves five
essential steps: (1) Absorption - visible-light stimulation for the generation of charge
carriers (polarized excitons); (2) Separation - electron-hole separation of photoexcited
charge carriers; (3) Transportation - transport of the electron and hole to the surface
of the photocatalyst; (4) Reaction - catalytic reduction or oxidation reactions to
chemically convert the solar energy; (5) Disassociation - the removal of the products
from active sites.[4] A high-performance visible-light photocatalytic system could be
expected, if these key steps are fulfilled in a specific photocatalytic procedure.
Accordingly, the intrinsic characteristics of typical visible-light photocatalysts,

Chapter 2: Literature Review

9

including the band gaps, the positions of the valence and conduction bands (VB and
CB), the band dispersion, and surface active sites, are the key factors that have the
dominant influence on these essential steps and consequently determine the efficiency
and effectiveness of the photocatalytic reactions.

Figure 2.1 Illustration of the basic processes of photocatalysis. Reproduced with permission
from the American Chemical Society.[4a]

In particular, photocatalysts constructed from p-block elements have been reported to
exhibit high visible-light photocatalytic activity due to the p orbitals or s-p hybridized
states.[5] These states generally form energy band edges, which dominate the physical
and chemical properties of these p-block photocatalysts. In general, the p orbital
involved in hybridized states can lower the conduction band minimum (CBM) and/or
move up the valence band maximum (VBM) in semiconductors, resulting in much
narrower band gaps than those of d-block semiconductors (such as TiO2 and ZnO, etc.)
only absorbing photons in the ultraviolet (UV) region. This is of critical importance
for the semiconductors used in optoelectrics and photocatalysis, which must work
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under the identical solar spectrum. Moreover, spatially anisotropic p and s-p
hybridization states also could result in highly dispersive band structures, which not
only promotes the mobility of photoexcited charge carriers via reducing their effective
mass, but also enhances both charge separation and transportation in the photocatalytic
process. All these unique characteristics potentially make p-block semiconductors
appealing for solar-light-driven photocatalysis. Through scientific selection of specific
elements, which have valence electrons residing in s or p orbitals, emerging advanced
visible-light driven photocatalysts with desirable band structures can be designed and
developed.[6]

Recently, bismuth-based (Bi-based) semiconductors, as a family of typical p-block
compounds, have attracted considerable attention, because of their unique electronic
and structural properties, which fulfil essential criteria required for effective and
efficient photocatalytic performance.[7] Taking BiOX (X = Cl, Br, I), with Bi, O and
X belonging to p-block elements, as an example, theoretical calculations show that the
p orbitals participate in electronic hybridization in both the CB minimum (CBM) and
the VB maximum (VBM). In addition, BiOX has a layered crystal structure, in which
[Bi2O2] slabs are interleaved by double slabs of halogen atoms. This unique layered
structure can induce an internal electric field, which could promote efficient charge
separation in addition to the high mobility of charge carriers.[8]

Practical applications of Bi-based p-block semiconductors in photocatalysis remain a
challenge, however, due to their low photocatalytic efficiency.[9] In most cases, the
large band gap and unsuitable energetic positions in the band structure can lead to
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limited visible-light absorption and low solar-conversion efficiency. Furthermore, the
low concentration of active sites on the exposed accessible surfaces is a major factor
that limits their photocatalytic efficiency.[9] To overcome these scientific and technical
limitations, several key strategies have been proposed and developed to improve the
photocatalytic efficiencies of Bi-based p-block semiconductors, including vacancy
engineering,[10] construction of heterostructures,[11] and facet engineering.[12]

This short review will provide a special overview of main modification strategies,
including vacancy engineering, construction of heterostructures, and facet
engineering, adopted for the design and construction of the emerging Bi-based solarconversion systems with high efficiencies. A special emphasis is placed on a
fundamental understanding of the correlations between the electronic structures and
desirable photocatalytic systems. Briefly, the understanding of those advanced
strategies to improve the efficiency of photocatalysts with overall enhanced
performance that is presented in this review may provide new guidance for the design
and exploration of new photocatalysts with high activity and excellent durability.

2.2. Main Modification Strategies Adopted for Design and
Construction of 2D Bi-Based High-Efficiency Photocatalysts.
Considering that the electronic potentials for visible-light photocatalytic redox
reactions are different, the band structure parameters, such as the VBM, CBM, and
band gap energy (Eg), are crucial for photocatalytic activity. Moreover, the
photogenerated electrons or holes of photocatalysts need to lie on a more negative or
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positive potential level than that of the targeted catalytic redox reactions. To obtain
attractive photocatalytic performance, the charge carriers must be spatially separated
and efficiently transferred to surface active sites for the activation of reactants. Herein,
we summarize key strategies such as vacancy engineering, construction of
heterostructures, and facet engineering to tune the electronic structures, charge
separation, and active sites of Bi-based semiconductors, which are currently attracting
considerable interest and investigations.

2.2.1.

Vacancy Engineering

Defect engineering can efficiently enhance photocatalytic reduction activity of 2D Bibased layered semiconductors by accelerating the separation of charge carriers and
promoting the adsorption and activation of reactant molecules.[13] For example, BiOBr
atomic layers with abundant oxygen vacancies created via UV-light irradiation were
fabricated and new defect levels resulting from oxygen vacancies extended the
photoresponse of BiOBr into visible light region (Figure 2.2(a)).[14] In photocatalytic
reactions, the conversion of CO2 into COOH* intermediate was facilitated by the
charge delocalization induced by oxygen vacancies in these BiOBr samples, verified
by in-situ Fourier-transform infrared spectroscopy. As a result, atomically thin BiOBr
nanosheets with oxygen vacancies achieved much better visible-light-driven
photocatalytic performance for CO evolution than atomically thin BiOBr nanosheets
and pristine bulk BiOBr nanosheets (Figure 2.2(b)). In addition to aforementioned
photoreduction application, defect engineering is also employed to improve
photocatalytic performance for N2 fixation. Owing to a strong N-N triple bond in single
N2 molecule, conventional Haber-Bosch process must be carried out under harsh
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conditions, like high-temperature and -pressure.[15] It was realized that oxygen
vacancies can facilitate photocatalytic N2 fixation proceed under ambient conditions
via the reduction of Gibbs free energy for the absorption and activation N2
molecules.[16] For BiOBr with oxygen vacancies under visible light irradiation, the
catalytic centers of oxygen vacancies could activate N2 molecules and efficiently
promote the transfer of photogenerated electrons to adsorbed N2 for fixation reactions
(Figure 2.2(c)).[17] Hence, BiOBr nanosheets with oxygen vacancies exhibited
significantly enhanced visible‐light‐driven N2 fixation activity compared with pure
BiOBr nanosheets (Figure 2.2(d)).

Figure 2.2 (a) Advantages of BiOBr atomic layers with oxygen defects as visible-light-driven
photocatalyst for CO2 reduction. (b) Photocatalytic CO evolution rate of oxygen-deficient
BiOBr atomic layers, pure atomically thin BiOBr nanosheets, and pristine bulk BiOBr
nanosheets under visible-light irradiation. Reproduced with permission from John Wiley and
Sons.[14] (c) Schematic diagram of photocatalytic N2 fixation model over BiOBr nanosheets
with oxygen vacancies. (d) Visible-light-driven photocatalytic NH3 generation over BiOBr
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nanosheets with oxygen vacancies. Reproduced with permission from the American Chemical
Society.[17]

2.2.2.

Construction of Heterostructures

Besides vacancy engineering, the construction of heterostructures to integrate multiple
semiconductors and/or metallic nanomaterials into one photocatalytic system is also
widely utilised to improve photocatalytic activity.[18] For the heterostructures
constructed from semiconductors and metallic nanomaterials, the introduction of
metallic phases on the surfaces of semiconductors can not only increase the
conductivity and extend the light absorption of the obtained photocatalytic system, but
also enables them to act as active sites to adsorb and activate the reactant molecules.[19]
In contrast, for the semiconductor/semiconductor heterostructures, the combination of
semiconductors enables band alignments to promote charge separation, and the
internal electric field built among the interfaces of heterostructures can further
accelerate charge transfer and migration.[20] So, BixOyXz-based heterostructures
combined with metallic nanomaterials or two-dimensional (2D) semiconductors can
be expected to exhibit excellent photoreduction activities.

Metallic nanomaterial/BixOyXz heterostructures.
The application of metallic co-catalysts to form metallic nanomaterial/BixOyXz
heterostructures is a significant strategy to enhance the photocatalytic reduction
activity towards CO2 reduction and H2 evolution.[21] Normally, the photo-generated
electrons or holes are inclined to transfer to the corresponding metallic co-catalyst,
which acts as a sink for the electrons or holes, resulting in selective spatial separation
and lifetime enhancement of photogenerated carriers in photocatalysts.[22] Moreover,
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the loaded metallic co-catalysts can further serve as redox active sites to promote the
photocatalytic reaction.[23]

In recent research, a strategy of dual-co-catalyst/BixOyXz heterostructures was
proposed to prohibit the recombination of photo-excited electron-hole pairs, so photoexcited electrons can be utilised efficiently for CO2 reduction. As recent research has
revealed, Au nanoparticles and MnOx layers were selectively deposited on BiOI
nanosheets with photo-excitation, and this Au/BiOI/MnOx heterostructure displayed
excellent photocatalytic capacity towards CO2 reduction under UV-vis light
irradiation.[24] The CO photoconversion rate of Au/BiOI/MnOx was ~7.0 times higher
than that of pure BiOI. The final production of CO reached 169 μmol g−1 with
Au/BiOI/MnOx after 5 h of photoreduction reaction. The same strategy was also
applied on BiOCl to boost photocatalytic H2 evolution. Charge separation between the
(001) and (110) crystal facets of BiOCl can be optimized by selective deposition of
redox co-catalysts to form metallic nanomaterial/BixOyXz heterostructures, and endow
BiOCl with excellent photocatalytic H2O splitting activity.

Apart from these noble metal co-catalysts, the semimetal bismuth with a photothermal
property can be used as the co-catalyst to build metallic nanomaterial/BixOyXz
heterostructures, in which bismuth nanoparticles not only inhibit the recombination of
charge carriers, but also accelerate the conversion of light to thermal energy.[25] Taking
the semimetal Bi mediated BixOyXz as an example, Bi/Bi4O5I2 heterostructures were
formed through a molecular precursor hydrolytic process.[25a] Remarkably increased
photoreduction activity of Bi/Bi4O5I2 can be achieved, which is attributed to the co-
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catalyst and photothermal effects of the loaded Bi nanoparticles, and Bi/Bi4O5I2 at an
optimal mole ratio displayed excellent photo-thermo-catalytic CO2 conversion to solar
fuels (CO and CH4) (Figure 2.3(a) and (b)).

Figure 2.3 (a) UV-vis-infrared (IR) driven photo-thermo-catalysis mechanism of Bi4O5I2-1.95
for converting CO2 to chemical energy. (b) Rates of CO production under different ranges of
sunlight (UV-vis-IR) induced photo-thermo catalysis to convert CO2 to chemical energy over
Bi4O5I2-1.00 and Bi4O5I2-1.95. (a) and (b) are reproduced with permission from Elsevier.[25a] (c)
Band alignment at the interface of 1L-Bi12O17Cl2/1L-MoS2 vertical heterostructure. (d)
Schematic illustration of the crystal structure and the transfer process for charge carriers within
the heterostructure: the electron-hole separation within 1L-Bi12O17Cl2, and the electron
transfer at the interface along the Bi-S bonds. (e) Cycling tests of photocatalytic hydrogen
evolution over 1L-Bi12O17Cl2/1L-MoS2 vertical heterostructure and 1L-Bi12O17Cl2. (c), (d), and
(e) are reproduced with permission from the Nature Publishing Group.[18]
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The enhanced photo-induced carrier separation rate and reaction system temperature
of Bi/Bi4O5I2 were further investigated. Under full solar-spectrum irradiation (UV-visIR), the photoreduction of CO2 to CO and CH4 in the presence of Bi/Bi4O5I2 was
enhanced to 40.02 μmol h−1g−1 and 7.19 μmol h−1g−1, respectively. The lightconversion efficiency was ~ 6.47 times higher than that of pure Bi4O5I2.

In addition, transition-metal chalcogenide can also serve as a co-catalyst in
photocatalytic systems. For instance, 1T MoS2 monolayers with abundant H2 evolution
active sites were assembled selectively and chemically bound on the (Bi12O17)-endfaces of Bi12O17Cl2 monolayers to build 2D janus (Cl2)-(Bi12O17)-(MoS2) bilayer
junctions.[18] The separation, transportation, and consumption of carriers could thus be
manipulated at the atomic level (Figure 2.3(c)). Visible-light-driven photogenerated
charge carriers in Bi12O17Cl2 are spatially separated by the internal electric field (IEF)
to the (Bi12O17) and (Cl2) end-faces. The separated electrons can further migrate to
MoS2 via Bi-S bonds formed in the interfaces of the vertical heterostructure (Figure
2.3(d)). This atomic-level directional charge separation endows the janus bilayers with
an ultra-long carrier lifetime of 3,446 ns and a superior visible-light photocatalytic
hydrogen evolution (PHE) rate of 33 mmol h-1g-1, with a quantum efficiency of 36%
at 420 nm. Furthermore, 2D bilayer vertical heterojunctions possessed rather good
stability without remarkable activity decay over a 100 h cycling test (Figure 2.3(e)).

2D semiconductor/BixOyXz heterostructure
BixOyXz-based semiconductors and other 2D materials such as g-C3N4 can be
combined to fabricate 2D/2D heterostructures. The charge separation, transportation,
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and consumption of 2D/2D heterostructures can be steered via atomic-level structural
and interfacial design.[26] In order to fabricate heterojunction photocatalysts with high
stability, the efficiency and energy band alignments that can lead to prolonged carrier
lifetime should be taken into account. 2D semiconductor/BixOyXz heterostructures
with optimized energy band alignments were employed to promote CO2
photoreduction activity. Z-scheme BiOI/g-C3N4 2D heterojunctions were formed and
used for photocatalytic CO2 reduction to produce CO and/or CH4. Due to the enhanced
charge transfer, the as-prepared Z-scheme heterojunctions displayed much higher
photocatalytic efficiency than the pristine samples (Figure 2.4(a) and (c)).[27]
Interestingly, the product of photocatalytic CO2 reduction can be tuned by changing
the reaction conditions such as the light spectrum. The reaction mechanism of the
heterojunction was further explored via detection of the photoinduced intermediate.
The charge transfer mechanism across the heterojunction and the indirect Z-scheme
were further investigated by detecting the I3−/I− redox mediator and using
quantification tests of superoxide radical (•O2-) and hydroxyl radical (•OH) (Figure
2.4(b)).

In addition to the band alignment for the promotion of charge separation, other efforts
were also undertaken towards enhancing the limited optical absorption of Bi-based pblock semiconductors and introducing surface active sites through the heterostructure
strategy.[25a, 29] Recently, it was reported that a heterostructure composed of 2D Bi2O4
nanoparticle decorated on BiOBr nanosheets was constructed in-situ via a simple alkali
post-treatment method assisted by light irradiation.[30] The combination of NaOHinduced dehalogenation and oxidation by photogenerated holes triggered the synthesis
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of Bi2O4 nanoparticles on the surfaces of BiOBr nanosheets. Moreover, the content of
Bi2O4 phase in heterostructures can be easily manipulated by tuning the NaOH
concentation in the post-treatment, which can provide further help to preserve the
predominantly exposed (001) facets of BiOBr nanosheets and remarkably increase the
amount of surface active sites. The light absorption of Bi2O4/BiOBr heterostructures
has been extended to the near-infrared (NIR) region. Thanks to the efficient separation
of photogenerated e-/h+ pairs and the improved surface absorption of reactants, the
constructed Bi-based heterostructures exhibit superior photocatalytic activity to reduce
CO2 to CO and CH4 under simulated light in comparison with pristine BiOBr.[31]

Figure 2.4 Schematic illustration of CO2 photoreduction via photoinduced electron-hole
separation processes: (a) the charge transfer mechanism of a type II heterojunction (left) and
a Z-scheme heterojunction (right); and (b) yields of products for oxygen evolution and CO2
photoreduction proceeding on BiOI/g-C3N4 heterostructures with different BiOI content. (c)
Schematic illustration of visible-light conversion on BiOI/g-C3N4 heterostructure; and (d)
production rates of visible-light-conversion products including H2, O2, CO, and CH4 over gC3N4/BiOI and g-C3N4/Bi4O5I2. Reproduced with permission from Elsevier.[28]
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Moreover, the construction of 2D semiconductor/BixOyXz heterostructures was
verified to have universal applicability to improve photoreduction activity, which has
been

widely

employed

on

g-C3N4/Bi4O5I2[28]

and

g-C3N4/BiOBr/Au

heterostructures.[32] Among them, the g-C3N4/Bi4O5I2 heterostructure at an optimal
ratio showed the highest photocatalytic reduction activity with 45.6 mol h−1g−1 of CO
generation for CO2 conversion (Figure 2.4(d)).

2.2.3.

Facet Engineering

Besides defect engineering and construction of heterostructures, facet engineering is
another attractive strategy to enhance the photocatalytic reduction activity of 2D Bibased layered photocatalysts.[33] Via the manipulation of facet junctions, the efficient
spatial separation of photogenerated holes and electrons to different facets can be
achieved, and then photo-reduction and photo-oxidation reactions could proceed on
the specific facets. Recently, it was found that the ratio of (010)/(100) in 2D layered
BiO(IO3) nanoplates can be modulated precisely by wet-chemical routes.[34] The
various separation rate of photogenerated carriers was verified subject to various
(010)/(100) ratios (Figure 2.5(a)). It showed the highest photocatalytic CO evolution
rate from CO2 reduction, reaching 5.42 μmol g−1 h−1 can be achieved at the optimal
ratio of (010)/(100) (3:1) (Figure 2.5(b)). In addition, the similar trend was also
observed in multinary 2D Bi-based layered photocatalysts. Here, taking ferroelectric
Bi3TiNbO9 as an example (Figure 2.5(c)), photogenerated electrons and holes tended
to migrate to (001) and (110) facets, respectively.[35] So by tuning the ratio of (001)
and (110), the photocatalytic activity of Bi3TiNbO9 would be correspondingly changed
and Bi3TiNbO9 with highest (001) exposed facet showed most efficient H2 activity.
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Figure 2.5 (a) The spatial separation of photogenerated electrons and holes on (010) and (100)
facets of BiOIO3. Reproduced with permission from John Wiley and Sons.[34] (b) CO
evolution rates over samples synthesized under different synthesis conditions. (c) Schematic
illustration of H2O splitting via H2 and O2 evolution on different facets of Bi3TiNbO9
nanosheets. Reproduced with permission from Elsevier.[35]

2.2.4.

Other Significant Modulation Strategies

Besides those modulation strategies mentioned above, researchers have also taken full
advantage of some other strategies such as element doping and photosensitization to
boost the photoreduction behaviour of Bi-based p-block photocatalysts. The
modification of metals or non-metals has been widely applied to enhance their
photoreduction efficiency (Figure 2.6(a)). In one approach, the energy band structure
can be engineered through element doping. At the same time, active sites also can be
introduced onto surfaces to facilitate the reaction. For bismuth oxide halide-based
photocatalysts, homogeneous carbon doping into the (001) and (010) facets of BiOCl
was developed.[36] Because of the extension of the optical absorption spectrum and
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enhancement of the IEF induced by carbon doping, the H2 evolution capability of
carbon-doped BiOCl was remarkably enhanced compared to pristine BiOCl, and the
optimal rate of H2 evolution reached 0.42 mmol h−1 g−1 for carbon-doped (010)-faceted
BiOCl with NiOx as a co-catalyst (Figure 2.6(b) and (c)).

It has been reported that the doping of transition metal ions such as Fe(III) on wideband-gap semiconductors is an efficient method to achieve high visible-light
photocatalytic performance, which was applied to modify the properties of bismuth
oxide halide-based photocatalysts.[37] Taking Fe(III) doping on ultrathin BiOCl as an
example, the light absorption of BiOCl was extended from the UV to the visible light
region resulting from the downshifted CBM of BiOCl. Meanwhile, the separation and
transfer efficiency of charge carriers were enhanced by the improved self-induced
electric field along the [001] zone axis and the shortened diffusion length of charge
carriers. With those advantages mentioned above, the Fe(III)-doped BiOCl showed
much higher photocatalytic efficiency for H2 evolution under visible-light irradiation
than the pure BiOCl (Figure 2.6(d) and (e)).

In addition, the application of photosensitization can be very helpful to improve the
photoreduction activity of photocatalysts through electron injection from the excited
state of the sensitizer into the conduction band of the semiconductor substrate.[38] By
taking

advantage

of

photosensitization,

an

efficient

visible-light-induced

photocatalytic system was developed by loading copper phthalocyanine (CuPc), which
has intense visible-light absorption (600-800 nm), on BiOCl.[39] As expected,
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enhanced overall water splitting on BiOCl/CuPc was realized in methanol-H2Orhodamine B (RhB) solution under visible light.

Figure 2.6 (a) Schematic illustration of homogeneous carbon doping strategy on carbon doped
BiOCl. (b) UV-visible absorption spectra and (c) the rate of photocatalytic hydrogen evolution
of pure and carbon-doped BiOCl with exposed (001) and (010) facets. (a), (b), and (c) are
reproduced with permission from John Wiley and Sons.[36] (d) Schematic illustration of the
process of photocatalytic H2 evolution over Fe(III)-doped BiOCl. (e) Visible-light-driven H2
evolution over BiOCl and Fe(III)-doped BiOCl. Reproduced with permission from Elsevier.[37]
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2.3. Summary
The development of 2D Bi-based photocatalysts is the key fundamental research
needed for effective solar-energy conversion. Through vacancy engineering, the
construction of heterostructures, and facet engineering, the band structures can be
tuned to satisfy the catalytic redox conditions, while a high-level/degree of active sites
are physically and chemically introduced onto the surfaces of photocatalysts.
Moreover, charge separation and transportation could be promoted, resulting in
significant improvement in solar-energy conversion efficiency. Hence, optimized Bibased photocatalytic systems can be realized by rationally designing and manipulating
the electronic structures and active sites. Guided by these modification strategies, in
this thesis work, 2D Bi-based vertical heterostructures with remarkable photocatalytic
activity were theoretically designed and experimentally created via the facile anion
exchange and one-step surfactant self-assembly approaches.
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Chapter 3
3. Experimental Procedure
3.1. Overview
The general procedures used in this thesis work are illustrated in Figure 3.1. Guided
by the proposed synthetic strategy, 2D Bi-based vertical heterostructures were created
via anion exchange or surfactant-assisted self-assembly methods. In addition, the
physical and chemical properties of the obtained products were characterized by a
series of facilities, such as XRD, SEM, TEM/STEM, XPS, in-situ DRIFTS, EPR, etc.
Their photo-conversion activities were evaluated by photocatalytic NO oxidation, and
the photocatalytic mechanisms were further revealed by experimental and theoretical
studies. These synthetic strategies had the potential to assemble a series of 2D layered
materials within a single nanosheet in a highly controlled way, achieving 2D vertical
heterostructures with highly efficient photocatalytic activities.

Proposed Models and
DFT Calculations

Construction of
2D Bi-based
Layered Vertical
Hetero-structures

Crystal
Structures：
XRD, SEM,
TEM, STEM

Electronic
Structures：
UV-vis, XPS,
XAFS

Photo-response and
Photo-conversion
Properties of Vertical
Hetero-structures

Photo-response
Behavior：
PL, TRFS
Photo-current, EIS

Figure 3.1 General procedure of this thesis work.

Generic Strategy
for Design and
Development of 2D
Layered Vertical
Hetero-structures

Photo-catalytic
Activities
and Mechanism ： NO
Oxidation, Dye Degradation,
EPR, in-situ DRIFTS
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3.2. Chemicals and Materials
The chemicals and materials used in this thesis are listed in Table 3.1.
Table 3.1 Chemicals and materials used in this thesis.
Chemicals

Formula

Purity (%)

Supplier

Ethanol

C2H5OH

96

Chem-Supply Pty. Ltd.

Bi(NO3)3·5H2O

98

Sigma-Aldrich

D-mannitol

C6H14O6

>98

Sigma-Aldrich

Sodium chloride

NaCl

>99.5

Sigma-Aldrich

Sodium bromide

NaBr

>99.5

Sigma-Aldrich

Hexadecyltrimethylamm

C19H42ClN

>99.9%

Sigma-Aldrich

C21H46BrN

>99.9%

Sigma-Aldrich

Na2WO4·2H2O

>99.9%

Sigma-Aldrich

Na2MoO4·2H2O

>99.9%

Sigma-Aldrich

Ammonium vanadate

NH4VO3

>99.9%

Sigma-Aldrich

Ethylene glycol

(CH2OH)2

>99.9%

Sigma-Aldrich

Bismuth(III) nitrate
pentahydrate

onium chloride (CTAC)
Stearyltrimethylammoni
um bromide (STAB)
Sodium tungstate
dihydrate
Sodium molybdate
dihydrate

3.3. Materials Preparation
The methods adopted for the preparation of 2D Bi-based specimens in this thesis
mainly include hydrothermal synthesis with surfactant-assisted self-assembly and
epitaxial anion exchange.
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Hydrothermal Method

In this thesis, the hydrothermal method is mainly employed for the fabrication of 2D
Bi-based materials, which is a synthetic reaction proceeding in a sealed vessel at both
high temperature and high pressure (Figure 3.2(a)).[1] In comparison with other
solution-based synthetic methods, hydrothermal synthesis possesses many advantages,
such as environmental friendliness, mild reaction conditions, and one-pot synthetic
procedures (Figure 3.2(b)).[2] In addition, the reaction conditions, such as solvent type,
temperature, and duration, play important roles in the synthesis of the final products.

a

b

Figure 3.2 (a) Hydrothermal synthesis reaction kettle, including polymerization reactor and
high-pressure digestion tank. (b) Schematic illustration of hydrothermal processing method.
Reproduced with permission from the American Ceramic Society.[2]

3.4. Characterization Techniques
3.4.1.

X-ray Powder Diffraction (XRD)

An X-ray diffractometer can be used to monitor the angles of incident X-rays and the
intensity of diffracted X-rays. When a beam of X-rays illuminates the sample, some
photons will be elastically scattered with unchanged wavelength after the interaction
with the electrons surrounding the atomic nuclei. Although they can be deflected in all
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directions, constructive or destructive scattered radiation will occur due to the periodic
structures of crystalline phases. It can result in characteristic diffraction phenomena,
which can be applied to investigate the crystal structure of specimens.[3] A typical Xray diffraction (XRD) pattern is represented by a plot of the intensity versus the
scattering angle (2θ), which can reveal structural information on a specimen (Figure
3.3(a)). The diffraction of the incident X-rays occurs as lattice planes and incidence
angles satisfying the Bragg’s law:
2dsinθ = nλ

(1)

in which d is the lattice spacing, θ represents the angle between the incident X-ray and
the lattice plane, n refers to the "order" of reflection, and λ is the wavelength of the
incident X-ray.[4]

a

b

c

Figure 3.3 (a) Geometrical conditions for the diffraction of incoming beams in lattice planes
according to Bragg's law. Schematic representation of the principles of (b) θ/θ goniometers
and (c) of θ/2θ goniometers. Reproduced with permission from Elsevier.[4]
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Two major types of goniometers are widely applied in XRD instruments: θ/θ and θ/2θ
goniometers.[4] For θ/θ goniometer (Figure 3.3(b)), both X-ray source and the detector
are moving, while the sample is at a fixed position. For θ/2θ goniometer (Figure
3.3(c)), the X-ray source is focused at a fixed radius, while the sample and the detector
can be rotated by θ and 2θ. In this thesis, the crystalline structures of fabricated samples
were examined by X-ray diffraction (XRD, GBC MMA diffractometer) with Cu Kα
radiation at a scanning rate of 1° min-1.

3.4.2.

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is widely utilised to record high-resolution
electronic images of the surfaces of specimens through scanning with an electron
beam.[5] In SEM, images of the specimen are produced by raster scanning on the
surfaces of the specimen with a focused electron beam (Figure 3.4).[5] A beam of
electrons is generated from the metallic filament at the top of the instrument, which is
emitted as the thermal energy of electrons overcoming the work function of the
filament. Then the electron beam can be attracted and accelerated by the anode to pass
through the columns and lenses of the microscope focusing the beam on the sample.
After the interaction with surface atoms of the sample, the incident electrons can be
scattered back, resulting in the generation of backscattered and secondary electrons.
They can be collected by detectors and further converted to a signal containing the
information on the morphology and composition of surfaces of the sample, which is
employed to construct the sample’s image. In addition, samples with low electrical
conductivity can be coated with gold particles to eliminate charging. For the protection
of the electron source from being contaminated by gas molecules and the acquirement
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of a high-resolution image, the high vacuum in the entire electron column is
an essential requisite for SEM measurement. In this thesis, the morphologies of
samples were observed by field emission scanning electron microscopy (FESEM,
JEOL JSM-7500FA).

Figure 3.4 Schematic diagram of SEM imaging methodology. Reproduced with permission
from Springer.[5]

3.4.3.

Transmission Electron Microscopy (TEM) and Scanning

Transmission Electron Microscopy (STEM)
TEM is a typical microscopy technique for analysing the internal microstructures of
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specimen and evaluating nanostructures such as nanoparticles, nanofibers, and
atomically thin films (Figure 3.5(a)).[5] For the formation of TEM imaging, a beam of
electrons from electron gun strikes the specimen with an ultrathin section, which is
accelerated through 80-300 kV voltage to obtain sufficient energy. Those transmitted
electrons can be focused into an image on phosphor screen by the objective lens. In
the obtained image, the dark parts represent areas in the specimen that fewer electrons
pass through, while the lighter ones correspond to those areas that more electrons were
transmitted through. Inside TEM, selected area electron diffraction (SAED) (Figure
3.5(b)) can be performed for the identification of crystal structures and the
examination of crystal defects, which can easily be used to obtain the diffraction
pattern choose the area.

In addition, scanning transmission electron microscopy (STEM) is also a useful
technique to reveal the compositions of specimens with atomic resolution (Figure
3.5(c)).[6] High-angle annular dark-field (HAADF) STEM imaging can be conducted
to distinguish different elements via the detection of elastically scattered electrons. The
elastic scattering of electrons is as a result of the interaction between the incident
electron and an atomic nucleus. Hence, the contrast variations of the different kinds of
atoms in HAADF-STEM images are basically proportional to the relevant atomic
numbers (Z).[7]

High-resolution images in the HAADF-STEM mode and energy dispersive (EDS)
elemental mappings were recorded with a JEOL ARM200F operating at 200 kV. The
morphologies and crystal structures of the prepared samples were characterized with
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a JEOL JEM-2010 transmission electron microscope (TEM) operating at a 200 kV
accelerating voltage.

a TEM

b Diffraction

c STEM

Figure 3.5 Schematic diagram of the imaging methodologies of (a) TEM, (b) Diffraction, and
(c) STEM. Reproduced with permission from Springer.[5]

3.4.4.

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) as typical quantitative spectroscopic
technique is often utilized for the determination of elemental compositions and
electronic states of elements in specimens.[8] In XPS measurements (see Figure 3.6),
the surfaces of the tested sample with a depth of less than 10 nm are irradiated by Xray photons. The inner-shell electrons of the atoms are ejected after the interaction
with a beam of X-ray photons, which are further collected for the simultaneous
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measurement of their kinetic energy and the number.[9] In addition, XPS measurement
should be carried out under high or ultra-high vacuum, because the emitted electrons
can be scattered by the residual gas molecules in XPS instrument resulting in the
reduction of electron counts detected by the analyzer. As the kinetic energies of
emitted electrons can be measured by the instrument, the binding energy of the emitted
electrons from the specimen can be determined by the equation:
Ebinding = Ephoton - (Ekinetic + ϕ)

(2)

where Ebinding and Ekinetic represent the binding energy and the kinetic energy of the
emitted electron, respectively, Ephoton is the energy of incident X-ray photons, and ϕ is
the work function depending on the sample and spectrometer.

Figure 3.6 Schematic illustration of the principle of XPS measurement. Reproduced with
permission from Elsevier.[9]

XPS spectra are plotted as the intensity of photoelectron signal versus
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the corresponding binding energy. And the intensity is directly related to the number
of detected electrons. Each element existing on the surface of samples generates a set
of characteristic XPS peaks at specific values of binding energy. These spectral XPS
peaks correspond to different electron configurations of atoms in the sample.

In this thesis, X-ray photoelectron spectroscopy (XPS) was performed on a VG
Multilab 2000 (VG Inc.) photoelectron spectrometer using monochromatic Al Kα
radiation under vacuum at 2 × 10-6 Pa with resolution of 0.05 eV. All of the binding
energies of the specimens were referenced to the C 1s peak at 284.8 eV assigned to
adventitious carbon (C-C). In addition, CasaXPS 2.3.15 software was utilised for the
analysis of XPS data.

3.4.5.

Photocatalytic Performances

The photocatalytic activity was evaluated based on the removal efficiency of NO at
ppb levels in a continuous flow reactor with 0.2 g prepared sample. The concentration
of NO was continuously detected by a NOx analyzer (42c-TL, Thermo Environmental
Instruments Inc.) (Figure 3.7). A 150 W commercial Xenon lamp with a 420 nm cutoff filter that was vertically placed above the reactor glowed when the adsorptiondesorption equilibrium was achieved. The quantum efficiencies (QE) of NO oxidation
at a variety of wavelengths were measured by inserting monochromatic filters in front
of the reactor.
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Figure 3.7 Photocatalytic reactor and analyzer for NO removal. Reproduced with permission
from John Wiley and Sons.[10]

3.4.6.

In-situ Diffuse Reflectance Infrared Fourier Transform

Spectroscopy (DRIFTS)
In-situ

diffuse

reflectance

infrared

Fourier

transform

spectroscopy

(DRIFTS) technology can be used to investigate the possible mechanisms of catalytic
reactions. The components and structures of molecules forming in catalytic process
can be identified in-situ by the infrared absorption bands. When infrared radiation (IR)
irradiates the specimen, molecules usually can be excited into a higher vibrational state
by the absorption of IR. The wavelength of absorbed IR is relative to the energy
difference between the at-rest and excited vibrational states of the reactant molecule,
representing the characteristics of its structure. In-situ DRIFTS measurements were
conducted using a TENSOR II FT-IR spectrometer (Bruker) equipped with an in-situ
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diffuse reflectance cell (Harrick) and a high-temperature reaction chamber (HVC)
(Figure 3.8).[11] The reaction chamber was equipped with three gas ports and two
coolant ports. High purity He, high-purity O2, and a mixture of 100 ppm of NO in He
could be fed into the reaction system, and a three-way ball valve was used to switch
between the target gas (NO) and the purge gas (He). The total gas flow rate was 100
mL/min, and the concentration of NO was adjusted to 50 ppm by dilution with O2. The
chamber was enclosed with a dome having three windows, two for IR light entrance
and detection, and one for illuminating the photocatalyst. The observation window was
made of UV quartz and the other two windows were made of ZnSe. A Xenon lamp
(MVL-210, Optpe, Japan) was used as the irradiation light source. Before
measurements, the prepared products were placed in a vacuum tube and pretreated for
1 h at 300 °C.

Figure 3.8 Schematic illustration of the in-situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) analysis cell equipped with visible light illumination. Reproduced
with permission from John Wiley and Sons.[10]
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Electron Paramagnetic Resonance (EPR)

The electron paramagnetic resonance (EPR) (Figure 3.9(a)) is an effective tool for
studying samples with unpaired electrons and free radicals.[12] The transitions of
unpaired electrons in an applied magnetic field can be detected by EPR. The electron
spin endows an electron with a magnetic property, known as a magnetic moment.
When electrons as magnetic dipoles are placed in a magnetic field, their magnetic
moments will be forced to align parallel or antiparallel to the direction of the magnetic
field, which results in the creation of two distinct energy levels for the unpaired
electrons.[8] Initially, more electrons will be in the lower energy level than in the upper
level. Some of the electrons in the lower energy level can be excited to the upper
energy level by a microwave irradiation with a fixed frequency. Moreover, while the
sample is exposed to a fixed frequency of microwave irradiation, the external magnetic
field at a specific strength should be applied to make the transition take place. Hence,
an electron paramagnetic resonance can be produced by the application of the specific
magnetic field and microwave frequency. With the adjustment of the magnetic field’s
strength, EPR spectrum as a plot of the absorption signal vs. B can be obtained by
measuring the optical absorption, as illustrated in Figure 3.9(b).[13] Free radicals
generated in photocatalytic process represent the reactive oxygen species (ROS) with
one or more unpaired electrons, including hydroxyl (•OH), hydroperoxyl (H2O2),
singlet oxygen (1O2), superoxide radicals (•O2−), etc. However, due to short half-lives,
it is very difficult or impossible to directly detect these ROS in solution at room
temperature. Hence, spin probes without spin traps are utilised in the detection of EPR,
which can be oxidized to form nitroxides (free radicals) with a half-life of several
hours.
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b

Figure 3.9 (a) Simplified schematic diagram of an EPR spectrometer. Reproduced with
permission from Frontiers.[12] (b) Basic principle of EPR spectra. Reproduced with permission
from Springer.[13]

In this thesis work, EPR spectroscopy was conducted on a JEOL FA-200 spectrometer
with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)/methanol, DMPO, and 2,2,6,6tetramethylpiperidine (TEMP) as trapping agents of the spin-reactive species, which
were used to detect •O2−, H2O2, and 1O2, respectively.

3.4.8.

Density Functional Theory (DFT)

The calculations were based on density functional theory (DFT) with the PerdewBurke-Ernzerhof parameterization of the generalized gradient approximation (GGAPBE) for the exchange-correlation potential.[14] We used the projector-augmentedwave (PAW) method as implemented in the plane-wave basis code VASP. An energy
cut-off of 450 eV and 2×2×1 k-points were utilized in the calculations of BiOI-Bi2WO6
heterojunction parameters. The magnitude of force on each atom was converged to
0.02 eV/Å. The unit cell for BiOI is a tetragonal structure with lattice constants a = b
= 4.030 Å and c = 9.783 Å. For Bi2WO6, the lattice constants are a = 5.570 Å, b =
5.540 Å, and c = 16.802 Å. The interface model of BiOI (001) and Bi2WO6 (001)
planes was built based on obtained high-resolution TEM (HRTEM) results. To
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compensate for the lattice constant difference, the (001)-oriented BiOI was rotated
counterclockwise by 45° to match with the lattice of the Bi2WO6 (001) plane. Two
unit cells of BiOI and one unit cell of Bi2WO6 were used along the interface for the
heterostructure model. A 20 Å vacuum region was adopted to avoid the interactions
between top and bottom atoms in the periodic slab images. The whole slab was 48.21
Å thick and consisted of 104 atoms in total.

For the molecule adsorption structure of the open surface Bi2WO6, a Bi-exposed slab
with 176 atoms was created from a 2×2×1 Bi2WO6 bulk structure. For the molecule
adsorption structure of BiOI, I atom exposed slab with 98 atoms was built from a
3×3×2 BiOI bulk structure. The adsorption energy, Ead is defined as
Ead = Emolecule@surface - Esurface - Emolecule

(3)

where Emolecule, Esurface, and Emolecule@surface denote the energies of the isolated gas
molecule, the Bi2WO6 open surface, or the BiOI closed surface, and the combined
molecule-surface system, respectively. The free energy of adsorbed molecules on
different surfaces is calculated as
ΔG = Ead + ΔZPE - TΔS

(4)

where Ead is the molecule adsorption energy, ΔZPE is the zero point vibrational energy,
and TΔS is the entropy value.
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Ultraviolet-Visible Diffuse-Reflectance Spectrometry (UV-

Vis DRS)
The optical absorption properties of semiconductors can be experimentally studied by
means of ultraviolet-visible diffuse-reflectance spectrometry (UV-vis DRS).[15] In a
typical

UV-vis

DRS

measurement

illustrated

in Figure

3.10,

continuous

monochromatic light beams are first applied to illuminate the sample, which are
thereafter absorbed, reflected, and transmitted. Reflections of the incident lights are
scattered on the surfaces of the sample, which are collected by an integrating sphere.[15]
The reflectance (R) of samples measured by UV-vis spectrophotometer is defined as
the ratio of the reflected to incident flux. The band gap (Eg) of a semiconductor can be
determined according to the following equation:
αhυ = A(hυ - Eg)n/2

(5)

where α, h, υ, and A are the absorption coefficient, the Planck constant, the incident
light frequency, the proportional constant, respectively. In this equation, n can be taken
as different value based on the characteristics of the electronic transition in a
semiconductor (n =1, direct absorption; n = 4, indirect absorption). Eg can be obtained
by intercepting the linear extrapolation of a Tauc plot ((αhυ)1/n vs. hυ). Moreover, α
can be simply approximated via the Kubelka-Munk function. In this thesis, UV-vis
DRS measurements were performed on dry-pressed disk samples using a UV-Vis-NIR
Spectrophotometer (UV-3600, Shimadzu) equipped with an integrating sphere
assembly, with 100% BaSO4 as the reflectance sample.
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Figure 3.10 Simplified measurement principle of the reflectance of samples using an integrating
sphere. Reproduced with permission from Springer.[16]

3.4.10. Electrochemical Measurements
The electrochemical measurements (Figure 3.11) are conducted to investigate the
separation process for photogenerated charge transfer, including electrochemical
impedance spectroscopy (EIS), photocurrent, and Mott-Schottky analysis.[17] The films
of the as-prepared samples, Pt foil, saturated calomel electrode (SCE), and saturated
Na2SO4 solution were used as the working, counter, and reference electrodes, and the
electrolyte, respectively. The working electrode was prepared via a dip-coating
method.

Time-dependent photocurrent curves were measured by an amperometric i-t curve
method. In the photocurrent-time response system, a 300 W Xe lamp with a cut-off
filter (λ ≥ 420 nm) was used as the light source. The EIS can be performed to interpret
the charge separation at the interfaces between semiconductor and electrolyte. The
Nyquist plot represents the correlation between the real (Z') and imaginary (-Z'') parts
of the complex impedance with the varying frequency. The efficiency of charge
separation and transfer can be evaluated from the slopes of the EIS plots, with a smaller
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slope reflecting higher separation and transfer efficiencies of the charge carriers.[18]
Moreover, electrical equivalent circuits are used to rationalize the charge-transfer and
transport phenomena that take place in photoelectrochemical system.

sample

Figure 3.11 Schematic illustration of the reaction setup for the photoelectrochemical
measurement. Reproduced with permission from IOP science.[17]

In addition, Mott-Schottky curves on the reciprocal of the square of capacitance versus
the potential difference between bulk semiconductor and electrolyte were monitored
at a fixed frequency of 100 Hz with a Bio Logic Science Instruments VSP-300
electrochemistry workstation. Flat-band potentials of semiconductors can be
determined according to the Mott-Schottky equation:
1
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�

(6)

Here C is the interfacial capacitance, ND the number of donors, ε and ε0 are the
dielectric constants of free space and the working electrode, respectively, E the applied
voltage, Efb the flat-band potential, κB Boltzmann’s constant, T is the absolute
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temperature, and q is the electronic charge. After a straight line is yielded from a plot
of 1/C2 versus E, Efb can be determined from the intercept on E axis (1/C2 = 0).
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Chapter 4
4. General Synthetic Strategy for the
Construction of 2D Bi-Based Layered
Vertical

Heterostructures

via

Heteroepitaxial Anion Exchange
4.1. Introduction
The controlled placement of two-dimensional (2D) materials possessing remarkable
electrical and optical properties within a nanosheet is signifcant for designing and
exploring nanostructures in many fields.[1] In these artificially constructed
nanosystems, vertical heterostructures obtained by coupling 2D semiconductors hold
great promise for emerging applications in electronic/optoelectronic devices, in which
the built-in internal electric field at the interfaces induced by the space charge
accumulation/depletion can facilitate charge transport and separation.[2] For the
synthesis of vertical heterostructures, several strategies have been explored, such as
mechanical transfer, molecular-beam epitaxy (MBE), and chemical vapour deposition
(CVD).[3] Although the heterostructures obtained through these approaches often
exhibit atomically clean and sharp interfaces, uncontrollable interlayer orientations,
and problems with scale uniformity will hamper their practical applications.[1b, 2a, 4] To
address these limitations, the development of precisely modulated methods with
simple fabrication processes to produce vertical heterostructures still represents a
significant challenge.
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Ion (anion or cation) exchange of inorganic semiconductors has proven to be an
effective strategy for the integration of multiple materials within single a
nanoparticle.[5] The controllable diffusion of ions in varying concentrations, the
reaction temperature, and solvents can significantly release the lattice strain due to
lattice mismatches, which is favourable for heteroepitaxial growth.[5d, 6] Hence, ion
the exchange method can be applicable to build vertical heterostructures, although this
strategy is still in early-stage development.[6b] To take full advantage of the promising
ion exchange reaction, it is imperative to develop a generalized synthetic strategy
and discover the reaction mechanism.

Herein, taking 2D Bi-based layered semiconductors as examples, a scalable and
controllable growth strategy via the anion exchange reaction is presented for the
creation of various 2D Bi-based vertical heterostructures that is suitable for mass
production. The morphologies of the products are dependent on the basic sizes and
shapes of the initial 2D Bi-based substrates. The significantly enhanced catalytic
performance of these 2D Bi-based layered vertical heterostructures stems from the
modification of surface active sites and increased charge separation. This universal
approach to the construction of 2D layered vertical heterostructures offers a promising
pathway for the exploration and development of photoconversion systems with high
efficiency.
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4.2. Experimental Section
4.2.1.

Materials

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), D-mannitol, Sodium bromide (NaBr),
Sodium chloride (NaCl), Sodium tungstate dihydrate (Na2WO4·2H2O), Sodium
molybdate dihydrate (Na2MoO4·2H2O), Ammonium vanadate, Sodium hydroxide.

4.2.2.

Materials Preparation

Synthesis of BiOX (X = Br, Cl) nanosheets: For the BiOBr nanosheets, 1 mmol of
Bi(NO3)3·5H2O was dissolved in a solution of 25 mL D-mannitol (0.1 M). 1.2 ml NaBr
(1 M) was mixed with the above solution dropwise under vigorous stirring. Then, the
suspension was transferred to a 50 mL Teflon-lined autoclave and kept at 160 oC for
3 h. The products were washed and dried at 80 oC for 12 h before further
characterizations. In addition, the synthetic procedures for BiOCl nanosheets were
with the same as those for BiOBr nanosheets except for the use of sodium chloride as
the source of halide anions instead of NaBr.

Synthesis

of

Bi2Mo(W)O6/BiOBr(Cl)

vertical

heterostructures:

Bi2Mo(W)O6/BiOBr(Cl) vertical heterostructures were fabricated by a facile anion
exchange reaction under hydrothermal treatment. In a typical synthetic procedure, asprepared BiOBr(Cl) (0.2 mmol) was suspended in 30 mL H2O and well-mixed with
several levels of Na2Mo(W)O4·2H2O, 0.1 M) by vigorous stirring, respectively. The
homogeneous solution was transferred into a 50 mL Teflon-lined autoclave, which was
sealed and maintained at 120 oC for 24 h. Finally, the resulting products were washed
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and dried in an oven at 60 oC for 12 h before further characterization. The additions of
50, 100, 150, and 200 μL of Na2MoO4·2H2O (0.1 M) corresponded to 5%, 10%, 15%,
and 30% Bi2MoO6 in the Bi2MoO6/BiOBr heterostructures, which were denoted as
Bi2MoO6/BiOBr (5%), Bi-Br-Mo, Bi2MoO6/BiOBr (15%), and Bi2MoO6/BiOBr
(20%).

Synthesis of BiVO4/BiOBr vertical heterostructures: BiVO4/BiOBr vertical
heterostructures were obtained by a similar method except that NH4VO3 (0.1 M) was
used as the anion exchanger.

Synthesis of Bi2Mo(W)O6 nanosheets: 1 mmol Na2MoO4·2H2O (or Na2WO4·2H2O)
and 2 mmol Bi(NO3)3·5H2O were added to 80 ml deionized water under vigorous
stirring. The mixed solution was poured into a 100 ml Teflon-lined autoclave and heattreated at 120 oC for 24 h. Finally, the product was washed and dried at 60 oC for 12 h
before further use.

4.2.3.

Characterization

Characterizations of the crystal and electronic structures, and their visible-light
photoreponses, photocatalytic performances, and catalytic reaction mechanisms are
described in detail.

4.3. Results and Discussion
Bismuth oxyhalides (BiOX, X = Cl, Br, and I), as a new family of promising
photocatalysts, have attracted considerable attention.[7] In the typical bismuth oxyhalide
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crystal structure, fluorite-like [Bi2O2]2+ layers are interleaved by slabs comprising
halide atoms. Great efforts have been devoted to improving their photocatalytic
performances, by such means as energy band gap engineering, crystal facet
engineering, and heterojunction construction.[8] Halide atoms are surface terminated
on the (001) facets of BiOX, however, which intrinsically makes them suffer from poor
adsorption and activation of reactant molecules due to their low affinity to its surface.[9]
Moreover, photocorrosion through Bi-X bond breaking in the photocatalytic process
often appears, because of Bi-X (X = Cl, Br, I) bonds with low binding energies.[10] These
disadvantages still hinder their practical application. It is highly desirable that
protective layers with high visible-light transmittance and ultrafast charge transfer can
be grown hetero-epitaxially on the surfaces of BiOX to inhibit the photocorrosion,
while plentiful active sites can be introduced for the surface reactions. Nevertheless,
rationally incorporating such features into a single nanoparticle with rigorous
morphology control remains a synthetic bottleneck. As compared with transitionmetal-oxide (TMOx) anions, surface terminated halogen (X) anions of BiOX have
higher mobility (Table 5.1). So the upper X layers are prone to partial substitution by
TMOx anions to form [Bi2O2]-[TMOx]-[Bi2O2] stacks.

Moreover, because their high lattice matching remarkably reduces the strain energy at
the interfaces, the heteroepitaxy between BiOBr and BiTMOx is favourable. During
the anion exchange reaction, the lattice strain can be significantly released.[5d,

11]

Hence, it can be expected that 2D Bi-based layered vertical epitaxial heterostructures
will be created through the forward anion exchange reaction between bismuth
oxyhalides and transition-metal-oxide anions TMOx (TM = W, Mo, and V). Taking
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Bi2MoO6/BiOBr as an example, we extensively investigated the structure and
formation mechanism of the thus-constructed Bi-based vertical heterostructures.
Guided by the proposed growth strategy, Bi2MoO6/BiOBr vertical heterostructures can
be created that utilize BiOBr nanosheets as substrates through a facile anion exchange
approach (Figure 4.1).

Table 4.1 Crystal structures and band gaps of 2D Bi-based layered semiconductors containing
[Bi2O2]2+ layers.

Figure 4.1 Schematic illustration of hetero-epitaxial anion exchange strategy to construct 2D
Bi-based layered vertical heterostructures.

Pristine BiOBr nanosheets were first prepared by a facile hydrothermal method. The
crystallographic structure and phase purity of the as-obtained samples were examined
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by X-ray diffraction (XRD) analysis, and all the diffraction peaks can be indexed as
the tetragonal phase of BiOBr.[12] The morphology of BiOBr was characterized by
scanning electron microscopy (SEM), as shown in Figure 4.2(a), and the obtained
product consists of uniform nanosheets with a size of ~200 nm. The high-angle annular
dark-field scanning transmission electron microscope (HAADF-STEM) imaging
clearly reveals the crystal structure of BiOBr. Figure 4.2(b) shows the arrangement of
atoms in the cross-section of the as-prepared BiOBr nanosheets, which is consistent
with the schematic diagram of the BiOBr crystal structure. The HAADF image also
provides direct atomic-resolution evidence that the atoms terminating the (001) facets
of BiOBr are bromine atoms, which agrees well with the theoretical study.[13]

Figure 4.2 (a) SEM image of BiOBr nanosheets. (b) Atomic-resolution HAADF-STEM image
taken from the side edge of a BiOBr nanosheet at the {010} facet with the corresponding
schematic atomic model superimposed.

The BiOBr/Bi2MoO6 vertical heterostructures were further created by a facile surface
anion exchange procedure under hydrothermal conditions using the prepared BiOBr
nanosheets as the precursor and Na2MoO4 as the source of MoO42- anions. The
formation of BiOBr/Bi2MoO6 vertical heterostructures was confirmed by XRD
analysis (Figure 4.3). For products obtained using different Na2MoO4 concentrations
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in the anion exchange reactions, in addition to the diffraction peaks of pristine BiOBr,
other peaks can be confidently assigned to orthorhombic phase Bi2MoO6.[14] With
increasing Na2MoO6 concentration, the diffraction intensity of Bi2MoO6 phase
becomes stronger, indicating the increasing content of Bi2MoO6.

Figure 4.3 XRD patterns of 2D Bi2MoO6/BiOBr vertical heterostructures fabricated via
hydrothermal treatment.

From the SEM image of Bi2MoO6/BiOBr vertical heterostructures (Figure 4.4(a)), it
is apparent that the pristine morphology of the BiOBr nanosheets was well maintained
during the anion exchange process. The epitaxial growth of atomically thin Bi2MoO6
layers on BiOBr was confirmed by STEM-energy dispersive spectroscopy (STEMEDS), as shown in Figure 4.5(a) and (b). The STEM-EDS elemental maps of Mo, Bi,
and Br atoms show a uniform distribution of Mo throughout the BiOBr nanosheets.
Moreover, from the STEM-EDS line scan profiles of the Mo, Bi, and Br distributions
across the side edge of a single Bi-Br-Mo nanosheet, it can be verified that the bulk
phase is pristine BiOBr, while the outer layer is Bi2MoO6. A detailed analysis of the
atomic structure of vertically stacked Bi2MoO6/BiOBr heterostructures was performed
by high-resolution HAADF-STEM.
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Figure 4.4 Morphologies and crystal structures of Bi2MoO6/BiOBr vertical heterostructures.
(a) SEM image of Bi2MoO6/BiOBr (7.5%) nanosheets. Atomic-resolution cross-sectional
HAADF-STEM image of (b) Bi2MoO6/BiOBr (7.5%) with the atomic model superimposed,
and (c) Bi-Br-Mo recorded along the [010] zone axis of BiOBr. (d) The corresponding inverse
fast Fourier transform (IFFT) image of (c) with the proposed atomic model of the
Bi2MoO6/BiOBr vertical heterostructure (inset).

From Figure 4.4(b), which was taken at the interface region of Bi2MoO6/BiOBr
(7.5%), the Bi2MoO6 and BiOBr phases can be identified explicitly from their different
stacking sequences, and the proposed atomic ball model for the Bi2MoO6/BiOBr
vertical heterostructure can be convincingly superimposed on the interface, which
confirms that monolayer Bi2MoO6 uniformly covers the surface of BiOBr with wellmaintained morphology and that the lattice fringes appear to be continuous from the
Bi2MoO6 region to the BiOBr region. So, the obtained sample can be characterized
definitely as a vertical layered heterostructure with BiOBr and monolayer Bi2MoO6
held together by chemical bonds.
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Figure 4.5 (a) Top-view STEM-EDS elemental mapping images of Mo, Bi, and Br atoms in
Bi-Br-Mo nanosheets. (b) STEM-EDS line-scan profiles of the Mo, Bi, and Br distributions
across the side edge of single Bi-Br-Mo nanosheet.

Figure 4.6 (a) XPS survey spectra of Bi2MoO6, Bi-Br-Mo, and BiOBr. High-resolution (b) Br
3d, (c) Mo 3d, and (i) Bi 4f spectra of these Bi-based samples.

X-ray photoelectron spectroscopy (XPS) was further utilized to investigate the
compositions of the thus-constructed 2D Bi-based vertical heterostructure (Figure 4.6).
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It was confirmed that the stacked layers of BiOBr and Bi2MoO6 in Bi-Br-Mo are
connected via strong Bi-O chemical bonds, promoting reduced charge transfer
resistance in the interfaces.[15] These structural and compositional characterizations
indicate that monolayer Bi2MoO6 was epitaxially grown on the surface of BiOBr and
bridged via Bi-O bonding.

Figure 4.7 (a) UV-vis diffuse reflectance spectra and (b) XPS valence-band spectra of BiOBr,
Bi2MoO6, and Bi-Br-Mo nanosheets.

The epitaxial growth of monolayer Bi2MoO6 also has a significant effect on the
electronic structure of pristine BiOBr, which was investigated in detail by ultravioletvisible (UV-vis) diffuse reflectance spectra and XPS valence-band. As shown in
Figure 4.7(a), due to the broad absorption of Bi2MoO6 in the visible region, the optical
absorption edge of Bi-Br-Mo shifted to a higher wavelength region with respect to that
of BiOBr. In addition, the valence band maximum (VBM) of BiOBr is at 2.25 eV
(Figure 4.7(b)), while Bi-Br-Mo exhibits an upward shift of the VBM to the VBM
position of Bi2MoO6, resulting from the surface coverage of Bi2MoO6.
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Figure 4.8 (a) High-resolution HAADF-STEM image of Bi/BiOBr heterostructure obtained
along the [010] zone axis of BiOBr. (b) Electron intensity profile of the region along the white
line in (a).

Figure 4.9 (a) Transmission electron microscope (TEM) image of Bi2WO6/BiOBr vertical
heterostructures. (b) Top-view STEM-EDS elemental mapping images of Bi, Br, and W atoms.
(c) STEM-EDS line-scan profiles of the W, Br, and Bi distributions across the side edge of a
Bi-Br-W nanosheet and (d) the corresponding atomic-resolution HAADF-STEM image taken
along [010] zone axis of BiOBr with superimposed atomic model.
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To exclude the possibility that the introduced layers are derived from Bi nanoparticles
reduced by the electron beam, an atomic-resolution HAADF-STEM image of the
interface in a Bi/BiOBr heterostructure was collected (Figure 4.8), which reveals that
the interlayer spacings of Bi-Bi (2.56 Å) and Bi-Mo (2.89 Å) in monolayer Bi2MoO6
are much thinner than that of Bi-Bi lattices (3.28 Å) in a Bi nanoparticle.[16]

It was also proved that Bi2TMO6/BiOX heterostructures could be fabricated by the
same anion exchange strategy. The uniform synthesis of Bi2MoO6/BiOBr vertical
heterostructures was successfully achieved via hydrothermal treatment of the obtained
BiOBr nanosheets dispersed in Na2MoO6 solution. Through the heteroepitaxial anion
exchange reaction, the shape of parent-sheet is completely preserved (Figure 4.9(a)).
The top-view STEM-EDS elemental mapping images and EDS elemental line scans
of Br and W elements taken along the side edge of a single Bi-Br-W nanosheet (Figure
4.9(b) and (c)) demonstrate the elemental composition of its skin layer in contrast to
the bulk, which clearly shows that the exposed {001} facets of BiOBr are covered by
ultrathin tungsten-based layers. Moreover, from the high-resolution HAADF-STEM
image along the [010] zone axis of Bi-Br-W (side-view) (Figure 4.9(d)), monolayer
Bi2WO6 covering both sides of the BiOBr nanosheet in an orderly manner can be
clearly observed, which is consistent with the proposed atomic crystal structure. In
addition, it was experimentally verified that besides BiOBr, BiOCl can also serve as a
model system for the rational construction of vertical heterostructures (Figure 4.10).
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Figure 4.10 (a) HAADF-STEM image of the side edge of Bi2MoO6/BiOCl vertical
heterostructure. (b) Magnified image of the region enclosed by the red box in (a). The red
arrow indicates the Mo-based layer, and the inset is the corresponding inverse fast Fourier
transform (IFFT) image, with the corresponding structural model of a Bi2MoO6/BiOCl vertical
heterostructure superimposed on the interface.

Figure 4.11 (a) and (b) SEM images of BiVO4 particles.

Due to their non-layered structure, synthesized BiVO4 crystals often possess irregular
shapes and large crystal sizes (Figure 4.11), making it difficult to integrate BiVO4 with
other Bi-based layered semiconductors into a single nanosystem via a chemical
transformation procedure.[17] Herein, atomically thin BiVO4 layers are proposed to be
grown on the surfaces of BiOBr nanosheets (Figure 4.12(a)) by an anion exchange
approach.
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Figure 4.12 Schematic representation of the fabrication of BiVO4/BiOBr vertical
heterostructure via anion exchange.

Although no change in the XRD patterns was observed after the substitution of VO3for Br- via hydrothermal reaction (Figure 4.13(a)), the visible-light absorption of the
Bi-Br-V sample was extended to 550 nm compared with pure BiOBr (Figure 4.13(b)),
resulting from the broad absorption in the visible region of the atomically thin BiVO4
layers lying on top of the BiOBr substrate. The HAADF-STEM image and EDS
mapping (Figure 4.13(c)-(d)) demonstrate good conformal coverage by the BiVO4
layers, independent of the surface topology of the BiOBr nanosheets. Moreover,
STEM-EDS line scans of V and Br across the side edge of a Bi-Br-V nanosheet and
the atomic-resolution cross-sectional HAADF-STEM image (Figure 4.13(e)-(f)) also
reveal that the exposed surfaces of pristine BiOBr nanosheets on the upper and lower
sides are covered by ultrathin BiVO4 layers. These observations confirm
experimentally that heteroepitaxial BiVO4/BiOX vertical heterostructures can be
successfully created via the anion exchange approach. Moreover, benefiting from the
promoted charge transfer and rich active sites, the constructed BiVO4/BiOBr vertical
heterostructures can exhibit excellent photocatalytic performance under visible-light
irradiation.
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Figure 4.13 (a) XRD patterns of BiOBr and Bi-Br-V. (b) UV-vis diffuse reflectance spectra of
as-prepared 2D Bi-based sample. (c) Cross-sectional HADDF-STEM image of Bi-Br-V
nanosheets. (d) Top-view STEM-EDS elemental mapping images of Bi, O, Br, and V atoms.
(e) STEM-EDS line scan profiles of V and Br distributions across the side edge of Bi-Br-V
nanosheet and (f) the corresponding atomic-resolution cross-sectional HAADF-STEM image.
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Figure 4.14 Morphologies of pristine BiOBr and the composites obtained via anion exchange
reactions. SEM images of (a) BiOBr microparticles, (b) BiOBr-MoO42- (5%), (c) BiOBrMoO42- (10%), (d) BiOBr-MoO42- (15%). (e) BiOBr-WO42- (10%), (f) BiOBr-VO3- (10%).

To explore the optimal reaction conditions, the effect of the particle size of the parent
substrate on the epitaxial anion exchange reaction was further investigated (Figure
4.14). With more added Na2MoO6 content, the edges of BiOBr microparticles were
etched into multiple ultrathin Bi2MoO6 nanosheets at first, and then small Bi2MoO6
nanoparticles appeared on the top surfaces of the BiOBr (Figure 4.14(b)-(d)). In
addition, when using WO42- and VO3- anions to substitute for Br- (Figure 4.14(e)-(f)),
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the surface of the BiOBr substrate was destroyed and showed fractures with increased
number and decreased size of the particles. Therefore, the epitaxial anion exchange
reaction could not proceed smoothly on the microsized Bi-based particles.

Figure 4.15 (a) SEM image of Bi2MoO6/BiOBr (20%) nanosheets. (b) Low magnification
cross-sectional HAADF-STEM image of Bi2MoO6/BiOBr (20%) nanosheets. (c) Crosssectional HAADF-STEM image of a single Bi2MoO6/BiOBr (20%) nanosheet taken along the
[010] zone axis, and (d) the corresponding atomic-resolution HAADF-STEM image for the
selected area in (c).

The ordered crystal structure of Bi-Br-Mo was prone to disruption by an increased
concentration of Na2MoO6 (Figure 4.15(a)). It is observed that ultrathin Bi2MoO6
nanosheets were anchored along the side edges of the Bi-Br-Mo nanosheets (Figure
4.15(b)). The cross-sectional HAADF-STEM images of the Bi2MoO6/BiOBr (20%)
nanosheets (Figure 4.15(c) and (d)) reveal that the anion diffusion rate can be
markedly enhanced in the anion exchange process if there is a significant increase of
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Na2MoO6.[18] Hence, the homogeneous morphology of Bi-Mo-Br nanosheets was
seriously damaged by an excessive amount of Na2WO6. As shown in Figure 4.16, the
separate Bi2MoO6 nanosheets in BiOBr/Bi2MoO6 (30%) formed by completely
substituting for BiOBr. In light of the above results, it can be concluded that the
successful synthesis of BiOBr/Bi2MoO6 vertical heterostructures depended greatly on
precise control of the added amount of Na2MoO6.

Figure 4.16 (a) Low magnification HAADF-STEM image of Bi2MoO6/BiOBr (30%)
composite. Corresponding atomic-resolution HAADF-STEM images from the selected areas
enclosed by (b) the red box and (c) the green box in (a).

To examine the spatial transport of charge carriers in Bi-Br-Mo via the photodeposition
of noble metals,[19] as depicted in Figure 4.17, it is clear that Au nanoparticles were
selectively photodeposited on the dominant exposed facets of Bi-Mo-Br, whereas there
were no nanoparticles observed on the side edges. This suggests that the photoexcited
electrons in Bi-Br-Mo are preferentially transferred to the planar facets. Thus, the
recombination of charge carriers can be strongly inhibited, hence resulting in high
photoconversion efficiency.
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Figure 4.17 (a) XRD pattern compared to Au/BiOBr and (b) SEM image of Bi-Br-Mo
nanosheets with photodeposited Au nanoparticles.

Figure 4.18 (a) Photocatalytic performances of 2D Bi-based samples towards NO removal
under visible-light irradiation and (b) the corresponding photocatalytic NO2 generation in the
catalytic reactions.

The photocatalytic activities of the as-prepared Bi-based samples were evaluated via
NO oxidation. Figure 4.18(a) presents the NO removal over BiOBr, Bi2MoO6/BiOBr
(5%), Bi-Br-Mo, and Bi2MoO6/BiOBr (30%) under visible-light irradiation. Due to
the atomic-level interfacial design of the Bi2MoO6/BiOBr vertical heterostructures, the
photocatalytic performance towards NO removal of Bi-Br-Mo was much better than
that of its pure counterparts, Bi2MoO6/BiOBr (7.5%), and Bi2MoO6/BiOBr (30%). In
addition, the lower photocatalytic activity of BiOBr-Mo (30%) resulted from the
detachment of the Bi2MoO6 layers that were formed from the BiOBr substrate. The
evolution of NO2 intermediates monitored during photocatalytic NO removal showed
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that Bi-Br-Mo presented the lowest accumulation of NO2 (Figure 4.18(b)), implying
its highly efficient photocatalytic activity for deep oxidation of NO.[20]

4.4. Conclusion
In this work, a generalized anion exchange synthetic approach for 2D Bi-based vertical
heterostructures has been demonstrated. Due to their optimized active sites and atomic
structures, the as-prepared Bi-Br-Mo composites feature a significant enhancement in
photocatalytic performance for NO oxidation. In addition, the creation of 2D Bi-based
layered vertical heterostructures with various transition-metal-oxide anions was
successfully achieved. The growth strategy of heteroepitaxial anion exchange can be
applied to the production of high quality vertical heterostructures with typical layered
materials for energy-conversion reactions.
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Chapter 5
5. Monolayer Epitaxial Heterostructures for
Selective Visible-Light-Driven Photocatalytic
NO Oxidation
5.1. Introduction
Exploration of two-dimensional (2D) epitaxial heterostructures has attracted
considerable attention, because the coexistence of different 2D materials with a
continuous atomic interface gives birth to unexpected exciting properties by taking
advantage of the properties of each component by proper geometric construction and
by precise engineering at epitaxial heterojunction.[1] Examples such as graphene/hBN,[2] transition-metal dichalcogenides (TMDs),[3] and topological insulators[4] have
been recently successfully constructed in 2D layer-by-layer (vertical) or 2D domainto-domain (lateral) heterostructures via various epitaxial growth approaches.[5] The
composition selection, thickness control, stacking order (in vertical heterostructures),
and adjacent order (in lateral heterostructures) offer tunability of key electronic
characteristics, including band dispersion, the band gap, and polarity.[1c,6] Benefiting
from the unique properties of these heterostructures, intriguing applications, including
diodes,[5a] transistors,[7] band-pass filters,[8] and detectors,[9] have been designed as
prototypes and are paving the way to the development of high-performance, ultra-light,
flexible, and wearable devices.

Chapter 5: Monolayer Epitaxial Heterostructures for Selective Visible-Light-Driven
Photocatalytic NO Oxidation
73
In semiconducting 2D heterostructures, band bending and built-in electronic fields are
expected to occur at heterojunctions because electronic configurations change sharply
across the interface.[10] This feature is of significance for integrating 2D
heterostructures into photon energy conversion applications,[11] for example,
photocatalysis.[12] The band offsets beside the heterojunction induce space charge
accumulation and depletion areas, and enforce effective separation of the photoninduced charge carriers.[13] The atomically sharp heterojunction enables the transport
of charge carriers in the absence of boundary scattering.[14] In particular, the 2D
vertical heterostructure provides a short diffusion distance for charge carriers and an
abundance of surface active sites, due to its extremely small thickness and ultra-large
surface area.[1c,15]

Given these, it is highly desirable to have 2D epitaxial

heterostructures consisting of mature photocatalytic semiconductors with contrasting
electronic structures and selected photocatalytic activities, the photocatalytic
performances of which can be modulated by the components, thickness, and stacking
order.[12,16] Unfortunately, it remains a great challenge to fabricate such 2D
photocatalytic heterostructures, because most of the conversional photocatalysts either
do not possess a 2D layered structure or are not suitable for epitaxial growth due to a
large lattice mismatch.

In this work, we report a one-step surface anion exchange strategy for the production
of scalable and controllable 2D vertical photocatalytic heterostructures by using
conventional photocatalysts, BiOX/Bi2TMO6 (X: Cl, Br, and I; TM: W and Mo), for
the elimination of NO and organics under visible-light irradiation. By epitaxially
assembling monolayer Bi2TMO6 onto BiOX nanosheets, the surface electronic states
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have been engineered by coordinatively unsaturated Bi atoms in BiOX/Bi2TMO6. The
energy dispersion and indirect gap together with the local electric field across the
heterointerface offer highly efficient charge separation and transport in the 2D vertical
BiOX/Bi2TMO6 heterostructures. Significantly enhanced photocatalytic activities, as
compared to those of each component, towards the photocatalytic elimination of NO
and organics under visible-light illumination have been achieved. This work opens up
a new way to design and construct 2D vertical heterostructures for photocatalytic
applications.

5.2. Experimental Section
5.2.1.

Materials

Bismuth (III) nitrate pentahydrate, Sodium chloride, D-mannitol Sodium chloride
Sodium bromide Sodium chloride Hexadecyltrimethylammonium chloride (CTAC)
Sodium

Tungstate

Dihydrate

Ethylene

glycol

Ammonium

vanadate

Stearyltrimethylammonium Bromide (STAB) Sodiummolybdate dehydrate.

5.2.2.

Materials Preparation

Synthesis of BiOI nanosheets: 1 mmol of Bi(NO3)3·5H2O was dissolved in a solution
of 25 mL mannitol (0.1 M). 1 ml NaI (1M) was added to the above solution dropwise
under vigorous stirring. Then, the suspension was transferred to a 50 mL Teflon-lined
autoclave and heated for 3 h at 160 oC. Finally, the sample was washed and dried in
an oven at 60 oC for 12 h for further characterization.
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Synthesis of Bi2WO6 nanosheets: 1 mmol Na2WO4·2H2O and 2 mmol
Bi(NO3)3·5H2O were added to 80 ml deionized water under vigorous stirring. The
mixed solution was poured into a 100 ml Teflon-lined autoclave and heat-treated at
120 oC for 24 h. Finally, the product was washed and dried at 60 oC for 12 h for further
use.

Synthesis of Bi2WO6/BiOI vertical heterostructures: Bi2WO6/BiOI vertical
heterostructures were fabricated by a facile anion exchange reaction under
hydrothermal treatment. In a typical synthetic procedure, as-prepared BiOI (0.07 g, 0.2
mmol) was suspended in 30 mL H2O and well-mixed with several levels of sodium
tungstate dihydrate (Na2WO4·2H2O, 0.1 M) by vigorous stirring, respectively. The
homogeneous solution was transferred into a 50 mL Teflon-lined autoclave, which was
sealed and maintained at 120 oC for 24 h. Finally, the resulting products were washed
and dried in an oven at 60 oC for 12 h before further characterization. The additions of
75, 150 and 300 μL of Na2WO4·2H2O (0.1 M) corresponded to 7.5, 15, and 30 %
Bi2WO6 in the Bi2WO6/BiOI heterostructures, which were denoted as BiOI-W (7.5%),
Bi-I-W, and BiOI-W (30%). For comparison, Bi-I-W (mixed) was synthesized by
mechanical mixing of the as-prepared Bi2WO6 nanosheets and BiOI nanosheets
according to the molar ratio of 3:17.

5.2.3.

Characterization

Characterizations of crytal and electronic structures, visible-light photoreponse,
photocatalytic performances, and catalytic reaction mechanism are described in details.
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5.3. Results and Discussion

Figure 5.1 (a) Density of states and (b) SEM image of BiOI. High resolution dark field STEM
images of (c)-(d) (110) facet and (e)-(f) (010) facet from the lateral sides of BiOI nanosheets,
with related schematic atomic models. Electron diffraction patterns are shown in the insets.

As typical Bi-based 2D layered semiconductors, BiOX and Bi2TMO6 share the similar
crystal structures, composed of fluorite-like [Bi2O2]2+ layers interleaved by slabs of
anion groups, as shown in Figure 5.1-2 and Figure 5.3(a). The neighboring halogen
layers in BiOX stack via weak van der Waals (VdW) interactions.[17] Because the
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exposed atomic layer in BiOX only consist of halogen atoms,[18] photocorrosion of
BiOX is hard to avoid due to the loss of halogen atoms in the photocatalytic process.[19]

Figure 5.2 (a) Density of states and (b) SEM image of Bi2WO6. (c) High resolution dark field
STEM images of (c) (010) facet and (e) (110) facet from the lateral sides of Bi2WO6 nanosheets.
(d) Electron intensity profile of the region along the red box indicated in (c). (f) Magnified
image of the region enclosed by the red box indicated in (e) with related schematic atomic
model, clearly showing the distinct atomic configuration corresponding to the (110) facet of
Bi2WO6.
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Figure 5.3 Rational design of Bi2WO6/BiOI vertical heterostructure. (a) Schematic illustration
of the hetero-epitaxial growth of Bi2WO6/BiOI vertical heterostructures on the upper surface
of pristine BiOI via the surface anion exchange reaction (Red, O atoms; Orange, Bi atoms;
Green, W atoms; Dark cyan, I atoms. The yellow and cyan isosurfaces represent charge
accumulation and depletion in the indicated space, respectively). (b) Calculated density of
states of Bi2WO6/BiOI vertical heterostructure. The bottom of the conduction band is mainly
composed of Bi 6p orbitals located in the exposed bismuth atoms on the surface of monolayer
Bi2WO6 (right, top) and the top of valence band originates from the I 5p orbitals from BiOI
(right, bottom). (c) Electron transfer from the bulk BiOI to the Bi2WO6 surface along the
interface of the vertical heterostructure under visible light irradiation. Light absorption by
BiOI generates charge carriers; then, the electrons will travel to the Bi2WO6 surface and mainly
participate in photocatalytic activities.

In contrast, Bi2TMO6 exhibits excellent chemical and thermal stability due to its robust
terminated surface [Bi2O2]2+ layers.[20] We proposed to use the anion exchange method,
whichis widely utilized to fabricate complex nanostructures,[21] to construct 2D vertical
BiOX/Bi2TMO6 (Bi-I-W) heterostructures, in which unstable halogen layers can be
replaced by stable [Bi2O2]2+ layers, as illustrated in Figure 5.3(a). Due to the lower
solubility of Bi2TMO6 relative to BiOX, the transformation of BiOX into 2D vertical
BiOX/Bi2TMO6 heterstructures is thermodynamically favored.[21b, 22]
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Figure 5.4 Calculated band structure of the interface of a Bi2WO6/BiOI vertical
heterostructure.

Taking the 2D vertical Bi2WO6/BiOI heterostructure as an example, monolayer
Bi2WO6 forms on both surfaces of BiOI nanosheets via the replacement of I- ions by
WO42- ions in the anion exchange process. As shown in Figures 5.3(b)-(c) and Figure
5.4, DFT calculations reveal that the Bi2WO6/BiOI heterostructure has a typical
indirect band gap. The valence band maximum (VBM) in the Bi2WO6/BiOI
heterostructure is mainly composed of I 5p orbitals of BiOI, while the conduction band
minimum (CBM) is mainly contributed by Bi 6p orbitals of Bi2WO6. This suggests
that unlike the charge transfer process in conventional Bi2WO6/BiOI heterostructure
with a type I heterojunction (Figure 5.5), photo-induced electrons hop from BiOI to
Bi2WO6 during photoexcitation, as illustrated in Figure 5.3(d).

The Bi2WO6/BiOI heterostructure was fabricated via a hydrothermal method (Figure
5.6). And to weaken the Kirkendall effect in anion exchange process for the
homogeneous synthesis of Bi2WO6/BiOI vertical heterostructures, some key factors
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such as the reaction temperature, the size of the substrate, and the concentration of
anion exchanger have been deliberately adjusted.

Figure 5.5 (a) Valence-band spectra of BiOI and Bi2WO6 measured by XPS and (b) MottSchottky plots of BiOI and Bi2WO6. (c) Optical band gaps of BiOI and Bi2WO6 determined by
UV-vis diffuse reflectance spectroscopy. (d) Schematic illustration of the energy band
alignment of a conventional Bi2WO6/BiOI heterostructure.

Figure 5.6 XRD patterns of synthesized bismuth-based samples.
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Figure 5.7 Structural and chemical modulation in Bi2WO6/BiOI vertical heterostructures. (a)
SEM image of Bi-I-W nanosheets. (b) UV-vis diffuse reflectance spectra of different bismuthbased semiconductors. (c) EDS elemental mapping images of Bi, I, and W atoms. (d) High
resolution dark field STEM image of the lateral side of a Bi-I-W nanosheet, taken along the
arrow in the TEM image (inset). (e) EDS linescan profiles of I and W distributions across the
lateral side to demonstrate the elemental compositions of the skin layer and the bulk and show
that the upper and lower surfaces of BiOI are covered by ultrathin tungsten-based layers. (f)
The magnified image of the region enclosed by the red box indicated in (d) with the
corresponding atomic ball model of a Bi2WO6/BiOI vertical heterostructure superimposed on
the interface (ball-and-stick representation). (g) XPS survey spectra and high-resolution (h) O
1s and (i) W 4f spectra.

Scanning electronic microscopy (SEM) reveals that 2D vertical Bi2WO6/BiOI
heterostructures have a square shape and are ~200 nm in size, as shown in Figure
5.7(a). The heterostructures and compositions have been studied by high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) and energy
dispersive spectroscopy (EDS), and are in good agreement with our DFT simulation,
as shown in Figures 5.7(c)-(f) and Figures 5.8-5.9. The Bi2WO6/BiOI heterostructures
are 20 nm in thickness and are clearly demonstrated by the cross-sectional STEM
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images, in which only the surface layer of BiOI has been replaced by monolayer
Bi2WO6. Additional characterizations to exclude the interference of surface Bi
nanoparticles and determine the proper conditions for the high yield of the vertical
heterostructures are provided in Figures 5.10-5.12, in which the homogeneous
morphology of constructed Bi2WO6/BiOI vertical heterostructures could be seriously
destroyed with the addition of an excessive amount of Na2WO6 accelerating the anion
exchange reaction.

Figure 5.8 Atomic-resolution HAADF-STEM image of the lateral side of a Bi-I-W nanosheet.
The W-based layer in the interface of Bi-I-W is indicated by a red arrow. The yellow arrows
indicate that W-based layers were not detected at the edges of the second and third sublayers,
implying that the epitaxial growth predominantly took place in the vertical orientation.

The ultraviolet-visible (UV-vis) absorption spectra of BiOI, Bi-I-W, Bi-I-W (mixed),
and Bi2WO6 samples are displayed in Figure 5.7(b). Bi-I-W exhibits characteristics
that can be attributed to both BiOI and Bi2WO6 components, in which two absorption
edges appear at ~630nm and ~380 nm. X-ray photoelectron spectroscopy (XPS) was
carried out to reveal the electronic configuration at the interfaces in Bi2WO6/BiOI
heterostructures, as shown in Figures 5.7(g)-(i) and Figure 5.13.
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Figure 5.9 (a) High resolution HAADF-STEM image of the lateral side of Bi-I-W and (b)
magnified image of the region enclosed by the red box indicated in (a) (inset: the electron
intensity profile of the region along the red line). (c) and (d) additional side-view high
resolution dark field STEM images of Bi-I-W nanosheets.

Owing to the influence of the lower energy of Bi-O bonding, in which the O originates
from the [WO4]2- layers of the surface Bi2WO6,[23] O 1s of Bi-O in Bi2WO6/BiOI
shows a negative shift to 529.85 eV as compared to that of BiOI (530 eV), while Bi 4f
peaks of Bi2WO6/BiOI shift to higher binding energies from 159 eV to 159.2 eV, which
is attributed to the higher electropositivity of the Bi of surface Bi2WO6, as shown in
Figure 5.13(a). Note that I 3d peaks (3d5/2: 619.2 eV, 3d3/2: 630.7 eV) remain similar
in Bi2WO6/BiOI and BiOI (Figure 5.13(b)), which indicates that the surface
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monolayer Bi2WO6 in the heterostructure only affects the electronic configuration at
the interface and surface. The XPS results agree well with STEM-HAADF
observations.

Figure 5.10 (a) High resolution dark field STEM image of Bi/BiOI heterostructure and (b)
electron intensity profile of the region along the red line.

Figure 5.11 (a) STEM image and (b) UV-vis spectrum of BiOI-W (7.5%). (c) High resolution
dark field STEM image of the lateral side of a single BiOI-W (7.5%) nanosheet and (d) EDS
linescan of I and W distributions across the lateral side of BiOI-W (7.5%).
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Figure 5.12 (a) STEM image and (b) UV-vis spectrum of BiOI-W (30%). (c) STEM image
taken from the lateral side of selected BiOI-W (30%) nanosheets and (d) EDS linescan profiles
of O, I, W and Bi distributions along the red line in (c).

The geometry characterizations demonstrate unambiguously the high yield of the
vertical heterostructures, and electronic structure studies further confirm that the
vertical heterostructures are only constructed on the surface of the BiOI substrate,
while the two adjacent component layers in the interfaces are linked with chemical
bonds, which can act as electron shuttle pathways and induce new band structure. The
separation and transport behaviors of photoinduced charge carriers play a significant
role in the photocatalytic processes.[24] According to DFT calculations (Figure 5.14),
it was found that that Bi2WO6/BiOI vertical heterostructure shares a similar electron
effective mass with BiOI, while the electrons in Bi2WO6 possess heavier effective
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mass due to its less dispersive band structure. This suggests that electron mobility in
the Bi2WO6/BiOI vertical heterostructure is much higher than that in Bi2WO6.

Figure 5.13 X-ray photoelectron spectroscopy (XPS) spectra of (a) Bi 4f, (b) I 3d, and (c) C
1s.

Taking advantage of the built-in electric field across the heterointerface in
Bi2WO6/BiOI (Figure 5.15), effective production of photo-induced charge carriers in
the Bi2WO6/BiOI vertical heterostructure can be achieved. This can be evidenced by
the visible-light photocurrent response measurements (Figure 5.16(a)), in which the
Bi-I-W electrode exhibits the highest photocurrent, consistent with the superior
electrical conductivity confirmed by electrochemical impedance spectroscopy (EIS)
(Figure 5.17). These results demonstrate that Bi-I-W shows the strongest capability,
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not only to generate electron-hole pairs under visible-light irradiation, but also to
separate and transfer them to the reactant molecules, implying high-performance
photoredox properties under visible light.

Figure 5.14 Calculated band structures of (a) BiOI, (b) Bi-I-W, and (c) Bi2WO6. (d) The
effective masses for the density of states calculations.

Figure 5.15 Differential charge density map of the interface of a Bi2WO6/BiOI vertical
heterostructure.
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Figure 5.16 Photocatalytic activities of the obtained bismuth-based materials. (a) Transient
photocurrent responses of BiOI, Bi-I-W, and Bi2WO6 under visible-light irradiation. (b) ESR
detection of hydrogen peroxide radicals using a DMPO spin-trapping agent. The DMPO
solution in water was irradiated in the presence of Bi-I-W or BiOI. (c) Visible light
photocatalytic activities of prepared bismuth-based photocatalysts for NO removal. (d)
Cycling measurements of photocatalytic NO oxidation with Bi-I-W and BiOI.

Photogenerated reactive oxygen species under visible-light illumination were
extensively studied. As illustrated in Figure 5.16(b), the electron spin resonance (ESR)
spectra of BiOI and Bi-I-W samples exhibit typical signals, which can be indexed to
the generation of 2,2,6,6-tetramethylpiperidine-N-oxyl (DMPOX) derived from the
oxidation product of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) with H2O2.[25] The
signal intensities reveal that Bi-I-W can activate O2 into H2O2 species significantly
better than the other catalysts through electron transfer.
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Figure 5.17 EIS Nyquist plots of BiOI, Bi-I-W, and Bi2WO6 electrodes.

The possible charge transfer process for •O2- and 1O2 (Figure 5.18) generation could
be excluded, as the changes in ESR trapping intensity were negligible. According to
the above discussion, H2O2 can be the major generated reactive oxygen species (ROS)
for BiOI and Bi-I-W, but Bi-I-W possesses a much faster generation rate of reactive
oxygen species than BiOI, endowing it with higher photooxidation activity. However,
•OH as the main ROS for Bi2WO6 (Figure 5.19) can make it exhibit a different reaction
pathway with BiOI and Bi-I-W in photocatalytic processes.

Figure 5.18 ESR spectra of Bi2WO6, Bi-I-W and BiOI in the presence of (a) DMPO/methanol
and (b) 2,2,6,6-tetramethylpiperidine (TEMP).
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Figure 5.19 ESR spectra of Bi2WO6 in the presence of DMPO in water.

To verify the hypothesis, photocatalytic nitric oxide (NO) oxidation was selected as
the probe reaction.[26] NO removal versus time spectra over these bismuth-based
samples are shown in Figure 5.16(c) and Figure 5.20. As expected, Bi-I-W achieved
the dynamic equilibrium in photocatalytic process significantly faster than the other
obtained bismuth-based samples, also showed much higher visible-light-driven
photocatalytic NO oxidation activity, and finally acquired an ultimate NO removal rate
of 40%, which was about 3 times higher than that over its counterparts.

Figure 5.20 Visible light photocatalytic activity vs. irradiation time of prepared mixed
bismuth-based photocatalyst for NO removal.

Chapter 5: Monolayer Epitaxial Heterostructures for Selective Visible-Light-Driven
Photocatalytic NO Oxidation
91
And the trend of quantum efficiencies of Bi-I-W measured under monochromatic
lights (420 nm：~0.9%，500 nm：~0.85%，550 nm：~0.5%，etc.) coincides with
its absorption spectra, indicating that NO photooxidation was definitely induced by
visible light (Figure 5.21). The possibility that the difference between the
photocatalytic activity on BiOI and Bi-I-W originates from the surface area can be
excluded by their similar Brunauer-Emmett-Teller (BET) surface areas (Figure 5.22).

Figure 5.21 Ultraviolet-visible diffuse reﬂectance spectrum of Bi-I-W along with quantum
efficiencies of NO photooxidation.

Figure 5.22 Nitrogen absorption-desorption isotherms of BiOI, Bi2WO6, and Bi-I-W.
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Figure 5.23 The removal of NO on Bi-I-W nanosheets in the presence of different scavengers.

The significant contribution of photogenerated H2O2 for NO removal on Bi-I-W was
further distinguished by selecting catalase as its scavenger (Figure 5.23). Moreover,
Bi-I-W can be efficiently reused for NO removal with good recyclability and stability
(Turnover Number = ~6), which did not show any loss of photocatalytic activity even
after being stored for nine months under ambient conditions (Figure 5.16(d) and
Figure 5.24), and its crystal phase and morphology were well maintained during the
reactions (Figure 5.25).

Figure 5.24. Visible light photocatalytic activity for NO removal vs. irradiation time of Bi-IW after being stored for nine months under ambient conditions.
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Figure 5.25 Characterizations of Bi-I-W nanosheets before and after six photocatalytic cycling
tests. (a) XRD patterns and (b) SEM image after cycling.

For pure BiOI nanosheets, a significant decrease in photocatalytic activity was found
in the cycling photocatalytic tests, which could result from the photocorrosion effect
(Figure 5.26). In addition, similar photocatalytic results were observed for the
degradation of Rhodamine B (RhB), in which Bi-I-W displayed much better visiblelight photocatalytic performance than BiOI and Bi2WO6 (Figure 5.27).

Figure 5.26 (a) I and (b) Bi atomic percentage (%) in BiOI and Bi-I-W obtained from Energy
dispersive X-ray analysis (EDX) spectra before and after the photocatalytic reaction.
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Figure 5.27 Photodegradation of Rh.B over BiOI, Bi-I-W, and Bi2WO6. (a) Absorption
spectrum of Rh.B on adsorption equilibrium. (b) Comparison of photodecomposition of Rh.B:
C/C0 - time curve.

To further uncover the underlying reasons for the enhanced photocatalytic ability of
Bi-I-W, the adsorption performances of O2 and NO molecules on I-terminated and Biterminated surfaces were simulated by density function theory (DFT) to confirm the
contribution of coordinatively unsaturated (CUS) Bi sites. The optimized structures of
O2 and NO adsorption on I-terminated and Bi-terminated surfaces were clearly
observed, as shown in Figures 5.28(a)-(b), Figure 5.29 and Table 5.1. In comparison
with the I-terminated surface, which cannot supply sites for the adsorption of O2 and
NO, both of them can be chemisorbed at CUS Bi sites, and the chemisorption is also
accompanied by electron transfer from the CUS Bi sites to reactant molecules.
Interestingly, the O-O bond length of absorbed O2 was weakened from 1.23 Å to 1.47
Å, close to that of H2O2 (1.49 Å)[27] (Figure 5.30), and hence, the formation of H2O2
from an O2 molecule accepting additional electrons and hydrogen ions can
proceed relatively easily. So once Bi-I-W is photoexcited under visible-light
irradiation, the strong chemical bonding between CUS Bi sites and O2 molecules
would serve as a bridge to enable energy transfer from excitons to O2 species in
accordance with the ESR results.
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Figure 5.28 Exploration of the enhanced photocatalytic efficiency. Schematic model of (a) O2
and (b) NO adsorption on I-terminated and Bi-terminated surfaces and the corresponding
charge density difference plots revealed by first-principles calculations. The yellow and cyan
isosurfaces represent charge accumulation and depletion in the space, respectively. (c) The
infrared (IR) spectra of NO/O2 adsorption on these three samples collected after the adsorption
equilibrium. (d) NO conversion rate for NOx- production in the presence of BiOI and Bi-I-W.
(e) In-situ DRIFTS spectra of surface species formed from photocatalytic NO oxidation
reaction with Bi-I-W. (f) Time course of enhanced absorbance of NO3- on the surfaces of BiOI
and Bi-I-W during the photocatalytic process.

To prove that the surface CUS Bi atoms of Bi-I-W can promote the adsorption of
reactant molecules as predicted, the adsorption on these bismuth-based samples was
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characterized using in-situ diffuse-reflectance infrared Fourier transform spectroscopy
(DRIFTS) (Figure 5.28(c), Figures 5.31, and Table 5.2) under dark conditions.

Figure 5.29 (a) DFT-calculated adsorption energies of NO molecules on I-terminated and Biterminated surfaces. (b) Schematic model and the corresponding simulated charge density of
NO adsorption on I-terminated and Bi-terminated surfaces with the end-on (Nup) configuration.

In the case of Bi-I-W, the adsorption of nitro compounds can be observed after the
introduction of reactant molecules, which is extremely similar to the spectrum of the
adsorption over Bi2WO6, whereas BiOI exhibits weak absorption peaks were found in
the infrared (IR) spectra. The in-situ DRIFTS study confirms explicitly that the surface
Bi atoms on Bi-I-W can chemically interact with the surrounding NO/O2 molecules,
which is identical to what takes place on Bi2WO6. So, it can be verified that, after the
construction of the vertical heterostructures, active surfaces were successfully
introduced onto BiOI nanosheets and CUS Bi atoms can be identified as the active
centers that facilitate the activation of reactant molecules.
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Table 5.1 Adsorption energies of NO molecules on I-terminated and Bi-terminated surfaces.

To obtain a deep understanding of the reaction intermediates during the NO
photooxidation process, the corresponding conversion rates for generated NOxproduction (Figure 5.28(d) and Figure 5.32-5.33) by Bi-I-W, BiOI and Bi2WO6 were
also monitored. The amount of generated NOx- in the Bi-I-W photocatalytic system is
much greater than that for BiOI and Bi2WO6 in the whole catalytic process.

Figure 5.30 Schematic representation of the O2 photoreduction mechanism on the Biterminated surface of Bi-I-W.
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Figure 5.31. In-situ DRIFTS spectra of NO adsorption on (a) BiOI, (b) Bi-I-W, and (b)
Bi2WO6.
Table 5.2 Assignments of Fourier transform infrared (FTIR) bands observed during NO
adsorption.
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Figure 5.32 NO conversion rate of Bi2WO6 for NOx- production.

Figure 5.33 NO conversion rate of Bi-I-W for NOx- production (a) in 2rd cycling run and (b)
after being stored for nine months under ambient conditions.

In addition, surface species evolved in the reaction were also monitored by in-situ
DRIFTS (Figure 5.28(e) and Figure 5.34). Taking Bi-I-W as an example, it can be
clearly seen that several bands appeared with the extension of irradiation time and
disappeared after light-off. The infrared (IR) peaks at 983, 1271, and 1526 cm-1 are
assigned to N-O stretching vibrations of the chelating bidentate, monodentate, and
bridging NO3- species, respectively.[28] The peaks at 1335 and 1487 cm-1 are attributed
to the NO2- species.[29] The assignments of these bands are listed in Table 5.3.
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Figure 5.34 (a) In-situ DRIFTS spectra of surface species formed from the photocatalytic NO
oxidation reaction on BiOI nanosheets under visible light. (b) The IR spectra of surface species
on the surfaces of BiOI and Bi-I-W collected after 40 min of visible-light illumination.
Table 5.3 Assignments of FTIR bands observed during photocatalytic NO oxidation
processes.

Figure 5.35 Schematic representation of NO photooxidation mechanism on the surface of
Bi2WO6/BiOI vertical heterostructure.
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In comparison with Bi-I-W, similar IR peaks were observed for BiOI, which suggests
that they undergo the same catalytic reaction pathways. The peaks at 1271 cm-1
(Figure 5.28(f)) were used to follow the concentration changes of NO3- species. Under
visible-light irradiation, the values for the change in absorbance at 1271 cm-1 for BiOI
and Bi-I-W increased with illumination time and declined rapidly when the light was
turned off, showing that these species were produced in the photocatalytic process.

Figure 5.36 Enhanced absorbance of N2O3 on the surfaces of BiOI and Bi-I-W versus time
during the photocatalytic process.

Concomitantly, Bi-I-W exhibited much higher photocatalytic oxidation activity than
BiOI in NO removal, so the surface NO2 species on Bi-I-W can be further converted
to the final product (NO3-) (Figures 5.35 and 5.36), in accordance with the higher
conversion rate for NOx- production. In short, the possible reaction mechanism of NO
photocatalytic oxidation for Bi-I-W can be proposed as follows:
photocatalyst + hν (visible light) → h+ + e-

(1)

O2 + 2H+ + 2e- → H2O2

(2)

NO + H2O2 → NO2 + H2O

(3)

2NO + H2O2 → 2HNO2

(4)
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NO + H2O2 + h+ → HNO3 + H+

(5)

NO2 + H+ + e- → HNO2

(6)

NO2 + H2O + h+ → HNO3 + H+

(7).

5.4. Conclusion
In summary, this work demonstrates that the Bi2WO6/BiOI vertical heterostructures
show high efficiency of photocatalytic NO oxidation with high stability. Unlike van
der Waals heterostructures lacking the electron shuttle pathway between two adjacent
component layers, the constructed bismuth-based vertical heterostructures with
chemical bonding can utilize the linked [Bi2O2]2+ layers, as the interfacial charge flow
highway to enable photogenerated electron transfer. Due to the specific electronic
structure, the surface CUS Bi atoms on Bi2WO6/BiOI vertical heterostructures can
promote the adsorption and activation of reactant molecules in photocatalytic
processes and contribute to their superior photocatalytic activity. This research reveals
the intrinsic surface functionalities of bismuth-based semiconductors on the atomic
level. Moreover, the strategy of constructing vertical heterostructures through the
surface anion exchange method will open up a new avenue for the exploration of
efficient visible-light-driven photocatalysts.
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Chapter 6
6. Atomically Thin 2D Bi-Based Vertically
Stacked Heterostructures Fabricated by
One-Step Synthetic Method with Highly
Visible-Light-Induced

Photocatalytic

Activities
6.1. Introduction
Two-dimensional (2D) atomically thin-layered materials possessing unique electronic
and optical properties have drawn tremendous attention.[1] To unlock the potential of
these materials, multiple defined ultrathin compounds have been integrated precisely
layer-by-layer to create vertical heterostructures for the exploration and development
of novel electronic and optoelectronic systems.[2] Benefiting from less grain boundary
in their interfaces, electron scattering can be significantly reduced, resulting in a strong
interlayer excitonic transition.[3] Moreover, the functionalities of these constructed
heterostructures can be tunable at the atomic level via engineering interfaces with
layer-layer interactions.[4]

Conventional bulk visible-light photoconversion systems with low surface-to-volume
ratio often suffer from low efficiency in their solar energy conversion, because charge
recombination easily occurs in the bulk and on the surface in the catalytic process,
which makes photogenerated charge carriers unable to migrate to surface reactive sites
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for activation of the reactants.[5] To overcome these shortages, vertically stacked
heterostructures built from atomically thin 2D layered semiconductors via chemical
interactions are of great interest for the exploration of superior photocatalytic systems,
employing the advantages of the unique properties of the different building blocks.[6]
It is still challenging, however, to fabricate these heterostructures via an efficient and
scalable approach. The development of a facile synthetic strategy for the construction
of atomically thin 2D vertical heterostructures is highly desirable.

Herein, we report the fabrication of atomically thin BiOBr/Bi2MoO6 vertical
heterostructure (Bi-Mo-Br) with ~2.5 nm thickness by assembling monolayer BiOBr
on single-unit-cell Bi2MoO6 via a one-step surfactant-assisted self-assembly approach.
Due to the unique features of its atomic and electronic structures, which facilitate the
chemical adsorption of reactant molecules and photogenerated charge separation, BiMo-Br exhibits significantly enhanced photocatalytic activity towards NO removal
under visible-light illumination in comparison with its bare counterparts and bulk 2D
Bi-based vertical heterostructures. Hetero-epitaxial growth via this one-pot selfassembly strategy would open up new possibilities for the design and exploration of
atomically thin 2D vertical heterostructures with superior catalytic activity.

6.2. Experimental Section
6.2.1.

Materials

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), Sodium tungstate dihydrate
(Na2WO4·2H2O),

Sodium

molybdate

dihydrate

(Na2MoO4·2H2O),
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Stearyltrimethylammonium Bromide

(STAB),

Hexadecyltrimethylammonium

chloride (CTAC), Anhydrous ethanol, Ethylene glycol (EG). All the reagents in this
experiment were of analytical grade.

6.2.2.

Materials Preparation

Synthesis of BiOBr/Bi2Mo(W)O6 vertical heterostructures: In a typical synthetic
process, 0.5 mmol Na2Mo(W)O4·2H2O, 1 mmol Bi(NO3)3·5H2O, and

a certain

amount of STAB, ranging from 50 to 300 mg, were added into a mixed solution of 20
mL de-ionized water and 20 mL ethylene glycol under magnetic stirring for 1 h. Then,
the mixture was sealed in an autoclave (50 ml), which was kept in an oven at 160 °C
for 3.5 h. After the solvothermal reaction, the prepared products were washed several
times with de-ionized water and ethanol, and finally dried at 80 °C for 12 h.

Synthesis of bulk Bi2Mo(W)O6 nanosheets: In a typical synthetic procedure, 0.5
mmol Na2Mo(W)O4·2H2O and 1 mmol Bi(NO3)3·5H2O were added to 80 ml deionized
water under magnetic stirring for 1 h. The mixed solution was then transferred to an
autoclave (50 ml), in which it was heat-treated at 120 °C for 24 h. After the autoclave
cooled down naturally, the collected product was washed with de-ionized water and
ethanol, and finally dried at 80 oC for 12 h before further characterizations.

6.2.3.

Characterization

Characterizations of the crystal and electronic structures, visible-light photoresponse
properties, photocatalytic performances, and the catalytic reaction mechanism are
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described in detail. The preparation of cross-sectional specimens was carried out by
focused ion beam sectioning.

6.3. Results and Discussion

Figure 6.1 SEM image of pure Bi2MoO6 nanosheets (with corresponding selected area
electron diffraction pattern shown in the inset). (b) Low magnification cross-sectional
HADDF-STEM image of Bi2MoO6 nanosheets. (c) The corresponding atomic-resolution
HAADF-STEM image taken along the [101] zone axis of Bi2MoO6 from the selected region
in (b) with the atomic model superimposed. (d) Electron intensity profile along the green box
in (c).

Orthorhombic bismuth molybdate (Bi2MoO6, JCPDS No. 76-2388), as one of the
Aurivillius-phase perovskite family, possesses a rather complicated structure and
consists of Bi2O2 and MoO4 layers, which are arranged alternately along the c axis
(Figure 6.1).[7] Bi atoms are distributed on both sides of the Bi2O2 layers with O atoms

Chapter 6: Atomically Thin 2D Bi-Based Vertically Stacked Heterostructures
Fabricated by One-Step Synthetic Method with Highly Visible-Light-Induced
Photocatalytic Activities
110
placed in the middle, in which the distance between neighboring [Bi2O2]2+ layers is
0.81 nm. Within the MoO4 layers, the Mo atoms are six-coordinated in the centers of
distorted MoO6 octahedra. Tetragonal BiOBr (JCPDS No. 06-0249) is built up from
alternate layers of [Bi2O2]2+ cations and Br anionic blocks with the lattice parameter c
= 0.80920 nm (Figure 6.2).[8]

Figure 6.2 (a) SEM and (b) TEM images (with the inset showing a top-view HRTEM image)
of pure BiOBr nanosheets. (c) Cross-sectional HAADF-STEM image of BiOBr nanosheet
taken along the [010] zone axis, and (d) the corresponding atomic-resolution image of the area
enclosed by green box in (c) with the atomic model superimposed.

Due to the similar crystal structures and lattice constants of BiOBr and Bi2MoO6, it is
highly feasible to design and construct 2D Bi-based layered vertical heterostructures
via the epitaxial assembly of atomically thin Bi2MoO6 and BiOBr layers.[9] In this
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thesis work, Bi-based novel 2D/2D vertical heterostructures were prepared via a onestep synthetic strategy, as illustrated in Figure 6.3 and Figure 6.4(a).

Figure 6.3 Schematic illustration of the one-pot epitaxial growth of atomically thin
BiOBr/Bi2MoO6 vertical heterostructure.

In the proposed growth process, STAB not only serves as the source of bromine, but
also plays a key role in decreasing the thickness of the obtained nanosheets.[10] Br
anions from STAB could be chemically bonded onto the surface [Bi2O2]2+ layers of
Bi2MoO6, which can significantly suppress the growth of Bi2MoO6 along the [010]
direction and result in the surface epitaxial synthesis of monolayer BiOBr.[7, 11]

The active sites of atomically thin BiOBr/Bi2MoO6 vertical heterostructures can be
modified by the surface bonded Br atoms (Figure 6.4(b) and (c)). The exposed
surfaces with complete Br coverage cannot supply any site for the chemisorption of
reactant molecules (Figure 6.4(b)).[12] In contrast, bromine vacancies are favourable
for the adsorption of reactant molecules and the desorption of products, hence
promoting the photocatalytic reactions (Figure 6.4(c)).[13]
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Figure 6.4 (a) Schematic illustration of the construction of atomically thin 2D Bi-based
vertical heterostructures via the integration of atomically thin BiOBr and Bi2MoO6 layers. The
proposed atomic models of atomically thin BiOBr/Bi2MoO6 vertical heterostructures (b)
without and (c) with bromine vacancies.

Figure 6.5 XRD patterns of the obtained series of 2D Bi-based samples with different dosages
of STAB in the synthesis: 0.05g (1-BiOBr/Bi2MoO6), 0.1g (2-BiOBr/Bi2MoO6), 0.2g (BiMo-Br), 0.3g (3-BiOBr/Bi2MoO6).
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The atomically thin atomically thin BiOBr/Bi2MoO6 vertical heterostructures were
prepared by a one-pot surfactant-assisted self-assembly method under hydrothermal
conditions. XRD patterns of the obtained 2D Bi-based samples are illustrated in
Figure 6.5.

Figure 6.6 Structural and chemical composition characterizations of atomically thin
BiOBr/Bi2MoO6 vertical heterostructure. (a) SEM image of Bi-Mo-Br nanosheets. (b) Top
view HRTEM image of Bi-Mo-Br nanosheets with the corresponding Fourier-transform
pattern (inset). (c) STEM-EDS elemental mapping images of Bi-Mo-Br nanosheets (Bi, Mo,
and Br atoms). (d) Low-magnification cross-sectional HAADF-STEM image of the specimen
containing stacked Bi-Mo-Br nanosheets prepared by focused ion beam (FIB). High‐resolution
HAADF-STEM images recorded from the side edges of Bi-Mo-Br nanosheets along (e) the
[101] and (f) the [001] zone axes of Bi2MoO6 with the corresponding proposed structural
models of the atomically thin BiOBr/Bi2MoO6 vertical heterostructure superimposed. (g)
Electron intensity profile along the green box in (f). Full XPS spectra (h) and high‐resolution
Br 3d spectra (i) of 2D Bi-based samples.

It is found that the (131) peak of Bi2MoO6 gradually widens with increased addition
of STAB surfactant, implying that the thickness of the synthesised BiOBr/Bi2MoO6
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vertical heterostructures goes down. In addition, it is worth noting that when the
dosage of STAB is higher than 0.2 g, individual crystalline BiOBr phase is present, as
indexed from XRD patterns is present, suggesting the appearance of BiOBr/Bi2MoO6
mixed compounds due to the damage to the atomically thin BiOBr/Bi2MoO6 vertical
heterostructures.

Figure 6.7 STEM-EDS spectrum of Bi-Mo-Br nanosheets.

The scanning electron microscope (SEM) image of Bi-Mo-Br (Figure 6.6(a)) shows
the ultrathin sheet-like morphology with a few nanometers in length. From the highresolution TEM image of Bi-Mo-Br (Figure 6.6(b)), the square lattices show
interatomic distances of ~ 2.72 Å, which is consistent with the Bi-Bi distances.[14]
STEM-EDS elemental mapping (Figures 6.6(c) and 6.7) indicates the coexistence and
uniform distribution of Br, Mo, and Bi in the obtained ultrathin sheets. The crystal
structure of these atomically thin Bi-Mo-Br layers was further verified by atomicresolution Z-contrast imaging with HAADF-STEM.
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Figure 6.8 HAADF-STEM characterizations of Bi-Mo-Br nanosheets. (a) Low magnification
cross-sectional HAADF-STEM image of a specimen containing Bi-Mo-Br nanosheets
prepared by FIB extraction from a Si wafer. High-resolution HAADF-STEM images of
stacked Bi-Mo-Br nanosheets from the selected areas enclosed by (b) the red box and (c) the
blue box marked in (a). Atomic-resolution cross-sectional HASDF-STEM images of Bi-MoBr nanosheets recorded along (d) the [101] and (e) the [001] zone axes of Bi2MoO6 with
corresponding schematic atomic models superimposed.

To obtain an atomic-resolution STEM image of the crystal lattice of atomically thin
vertical heterostructures, focused ion beam (FIB) microsectioning was employed to
prepare a cross-sectional STEM specimen extracted from a Si wafer containing
densely tiled Bi-Mo-Br nanosheets (Figure 6.6(d) and Figure 6.7(a)). From the
HAADF-STEM images (Figures 6.6(e)-(g), 6.8, and 6.9), it can be seen that the single
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nanosheet ~2.5 nm in thickness is composed of one unit cell ofBi2MoO6 covered by
monolayer BiOBr layers by Bi-O bonding interactions in the c direction, which can be
represented as BiOBr-[Bi2MoO6-Bi2MoO6]-BiOBr.

Figure 6.9 (a) HAADF-STEM image of Bi-Mo-Br nanosheets. (b)-(d) High resolution
HAADF-STEM images randomly taken from the side edges of Bi-Mo-Br nanosheets.

In addition, the proposed model for the 2D Bi-based layered vertical heterostructures
was also experimentally observed and confirmed by the structural and compositional
characterizations of the bulk BiOBr/Bi2MoO6 vertical heterostructures, as shown in
Figure 6.10. XPS measurements were further performed to characterize the electronic
structures of the 2D Bi-based vertical heterostructures (Figure 6.6(h)-(i) and Figure
6.7). As shown in the full XPS survey spectra (Figure 6.6(h)), the elements Bi, Mo,
and Br corresponding to BiOBr and Bi2MoO6 co-exist in the ultrathin Bi-Mo-Br
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nanosheets. The shifts of Br 3d (Figure 6.6(i)) and Mo 3d (Figure 6.11) toward lower
binding energies in contrast to their pure counterparts suggest that there is chemical
interaction between the atomically thin BiOBr and Bi2MoO6 layers.[4b, 15]

Figure 6.10 (a) SEM image and (b) EDS elemental mapping of 1-BiOBr/Bi2MoO6 nanosheets
(Bi, O, Mo, and Br atoms). (c) Atomic-resolution cross-sectional HAADF-STEM image of 1BiOBr/Bi2MoO6 nanosheet obtained along the [101] zone axis of Bi2MoO6 with the
corresponding schematic atomic model superimposed. (d) Electron intensity profile along the
green box in (c).

From the chemical compositions of the 2D Bi-based samples determined from XPS
(Table 6.1), the calculated atomic ratio of Br:Mo is lower than 1:1 (the ideal Br:Mo
ratio of the proposed 2D atomically thin BiOBr/Bi2MoO6 vertical heterostructures),
resulting from existence of Br vacancies on the outermost layers of Bi-Mo-Br.
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Figure 6.11 High-resolution (a) Mo 3d and (b) C 1s XPS spectra of the as-prepared samples.
Table 6.1 Chemical compositions of the 2D Bi-based samples determined by XPS.

Atomic %

C

Bi

O

Mo

Br

Bi2MoO6

25.0

15.4

51.7

7.9

0

BiOBr

34.1

18.4

24.1

0

23.5

Bi-Mo-Br

42.1

10.9

36.3

6.5

4.3

1-Bi2MoO6/BiOBr

17.0

13.1

54.4

10.9

4.7

Figure 6.12 XRD patterns of 2D BiOBr/Bi2WO6 vertical heterostructures.

The one-pot synthetic route of surfactant-assisted self-assembly can be extended to
produce sequential 2D atomically thin Bi-based vertical heterostructures. Atomically

Chapter 6: Atomically Thin 2D Bi-Based Vertically Stacked Heterostructures
Fabricated by One-Step Synthetic Method with Highly Visible-Light-Induced
Photocatalytic Activities
119
thin BiOBr/Bi2WO6 vertical heterostructures were also fabricated by a similar
approach, as shown in Figures 6.12 and 6.13. It was experimentally observed that BiW-Br ~2.5 nm in thickness could be constructed by the vertical integration of
atomically thin Bi2WO6 and BiOBr layers.

Figure 6.13 (a) SEM image of Bi-W-Br nanosheets. (b) Low-magnification cross-sectional
HAADF-STEM image of Bi-W-Br nanosheets. (c) High-resolution STEM image of the region
enclosed by the red box in (b). (d) Electron intensity profile along the green box in (c). (e)
Low-magnification cross-sectional HAADF-STEM image of the specimen with stacked BiW-Br nanosheets prepared by FIB. (f) Atomic-resolution cross-sectional HAADF-STEM
image of a Bi-W-Br nanosheet recorded along the [101] zone axis of Bi2WO6 with the
corresponding proposed structural model of the atomically thin Bi2WO6/BiOBr vertical
heterostructure superimposed. (g) EDS mapping of the yellow box in (e).

Figure 6.14 (a) Mo-K edge X-ray absorption near edge spectroscopy (XANES) spectra of BiMo-Br nanosheets and Bi2MoO6 nanosheets. (b) The corresponding k3 weighted Fourier
transform (FT) spectra.
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To characterize the local structures of Bi-Mo-Br, synchrotron radiation-based X‐ray
absorption fine structure spectroscopy (XAFS) measurements at the Mo K‐edge were
conducted (Figure 6.14(a)). Moreover, the radial distribution function at the
molybdenum centre was obtained via Fourier transform (Figure 6.14(b)). It reveals
that the Bi-Mo-Br nanosheets exhibit a longer Mo-O distance in comparison with
pristine Bi2MoO6, which indicates significant distortion in the MoO6 octahedral
layer.[10] The interlayer structural distortion could contribute to higher carrier mobility,
hence promoting an efficient photocatalytic performance.[16]

Figure 6.15 Photoresponse properties and molecule oxygen activation of prepared 2D Bibased photocatalysts. (a) UV-vis diffuse reflectance spectra and (b) photoluminescence decay
transient spectra (excitation at 375 nm) of prepared 2D Bi-based composites. ESR detection
of superoxide (•O2-) (c) and hydroxyl radicals (•OH) (d) using a DMPO spin-trapping agent
for synthesized 2D Bi-based samples.
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As shown in ultraviolet-visible (UV-vis) diffuse reflectance spectra of 2D Bi-based
samples (Figure 6.15(a)), a considerable short-wave-length shift in the absorption
edges of 2D BiOBr/Bi2MoO6 heterostructures synthesized with varying dosages of
STAB is observed, which can be attributed to the quantum size effect and the
engineered electronic band structure by the introduction of BiOBr atomic layers.[11, 17]
In addition, due to the existence of Br vacancies, the estimated energy band gap of BiMo-Br (2.75 eV) is smaller than that of 3-BiOBr/Bi2MoO6 by ~0.1 eV.

Figure 6.16 Photoluminescence emission spectra (excitation at 325 nm) of Bi-based samples.

The photoresponse properties of vertically stacked BiOBr/Bi2MoO6 heterostructures
were studied by photoluminescence (PL) spectroscopy with 325 nm laser excitation
and time-resolved fluorescence emission spectra (TRFS). As illustrated in Figure
16.16, the drastically reduced photoluminescence intensity of Bi-Mo-Br suggests that
the recombination of photogenerated carriers in Bi-Mo-Br was efficiently suppressed,
implying that it should have high photocatalytic performance.[18] As shown by the
TRFS spectra in Figure 16.15(b) and Table 6.2, atomically thin Bi-Mo-Br layers
exhibited the longest average lifetime among the as-prepared 2D Bi-based samples,
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indicating enhanced lifetimes of long-lived excited states. This suggests that the
recombination of charge carriers in Bi-Mo-Br could be effectively reduced because of
fast charge transfer in the atomically thin layers, suggesting improvement of the overall
efficiency of utilizing photoexcited electrons and holes.[19]

Table 6.2 Kinetic analysis of PL decay transient spectra for prepared 2D Bi-based samples.
Samples

Rel1 (%)

τ1 (ns)

Rel2 (%)

τ2 (ns)

τave. (ns)

χ2

Bi2MoO6

48.16

1.00

51.84

8.52

3.224

1.024

1-Bi2MoO6/BiOBr

55.99

1.57

44.01

13.22

4.878

1.040

2-Bi2MoO6/BiOBr

56.67

1.74

43.33

17.13

5.907

1.082

Bi-Mo-Br

47.06

1.94

52.94

15.79

7.363

1.018

3-Bi2MoO6/BiOBr

54.55

1.69

45.45

14.40

5.089

1.061

Electron spin resonance (ESR) measurements were carried out to examine the
photogenerated reactive oxygen species (ROS) (Figure 6.15(c)-(d)). 5, 5-dimethyl-1pyrroline-N-oxide (DMPO) and DMPO/methanol are employed as the trapping agents
for the detection of hydroxyl radicals (•OH) and superoxide (•O2-), respectively. The
typical sextet ESR spectrum for obtained Bi-based catalysts observed in Figure 6.15(c)
verified the formation of DMPO-•O2- under visible-light illumination. Moreover, the
higher signal intensity of Bi-Mo-Br demonstrates that it exhibited much higher
photoactivity than other Bi-based samples for O2 activation into •O2- species through
trapping the photoexcited electrons. In addition, four‐line ESR spectrum with
signal intensities approximately 1:2:2:1 ascribed to DMPO‐•OH radical adduct were
also monitored in 2D Bi-based samples under visible‐light irradiation (Figure 6.15(d)),
revealing that Bi-Mo-Br possesses a significant faster photogeneration rate of •OH
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species than other Bi-based photocatalysts. Due to effective separation and transfer of
photo-induced charge carriers and high activity for molecular oxygen activation, such
constructed atomically thin BiOBr/Bi2MoO6 vertical heterostructures are expected to
show promising potential for photocatalytic applications.

Figure 6.17 (a) Photocatalytic activities of obtained 2D Bi-based samples under visible-light
irradiation towards NO oxidation. (b) Cycling measurement of the NO photo-oxidation of BiMo-Br. (c) NO conversion rate for NOx- production in the presence of the synthesised 2D Bibased photocatalysts. (d) Schematic representation of the photocatalytic mechanism for NO
oxidation on atomically thin BiOBr/Bi2MoO6 layers.

The photocatalytic activities of atomically thin 2D Bi-based vertical heterostructures
were examined through visible-light-driven NO oxidation. Benefiting from these
advantages mentioned above, the Bi-Mo-Br atomically thin layers exhibited markedly
increased photocatalytic activity towards NO removal compared with the other 2D Bibased samples (Figure 6.17(a)). The decrease in the photocatalytic conversion rates
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of NO removal on pure Bi2MoO6 nanosheets could be ascribed to the occupation of
the active sites by photoproduced NOx- groups.[20] The created Bi-Mo-Br
photocatalytic system also showed remarkable stability in the cycling test of
photocatalytic NO oxidation (Figure 6.17(b)). Meanwhile, it should be noted that the
partial photo-oxidation of NO to NO2 on Bi-Mo-Br is significantly suppressed (Figure
6.18), and the atomically thin vertical heterostructures are beneficial for improving
photocatalytic activity towards selective conversion of NO to NOx- (Figure 6.17(c)).

Figure 6.18 Photocatalytic NO2 generation in the presence of Bi-Mo-Br nanosheets (atomic
model in inset).

Based on the above discussion, we conclude that, in the photocatalytic reaction,
numerous unsaturated Bi sites that are exposed at the surface of Bi-Mo-Br serve as the
active centers for the chemical adsorption of reactant molecules. After the
photogeneration of electrons and holes, the recombination of electron-hole pairs in the
atomically thin Bi-Mo-Br layers is significantly inhibited by the engineered crystal
and electronic band structures of Bi-Mo-Br at the atomic level, facilitating charge
transfer to the surface Bi sites for the activation of adsorbed NO and O2. Due to these
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favourable factors, the photocatalytic efficiency of NO oxidation over Bi-Mo-Br is
significantly enhanced (Figure 6.17(d)).

6.4. Conclusion
In summary, atomically thin 2D vertical heterostructures of Bi-based layered
semiconductors synthesized via a one-pot heteroepitaxial approach were rationally
designed and constructed. The enhanced photocatalytic performance of Bi-Mo-Br is
mainly due to the improvement in the transfer and separation of photogenerated charge
carriers, the extension of visible-light absorption, and the manipulation of exposed
active sites. The realization of atomically thin vertical heterostructures in 2D layered
semiconductors via a one-step self-assembly synthesis can open up promising
opportunities for developing high-efficiency photoconversion systems.
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Chapter 7
7. General Conclusions and Outlook
7.1. General Conclusions
Construction of vertical heterostructures by stacking two‐dimensional (2D) layered
materials via chemical bonds can be an effective strategy to explore advanced solar‐
energy‐conversion systems. In this doctoral thesis work, 2D Bi-based vertical
heterostructures as visible-light-driven photoconversion systems were successfully
designed and created via epitaxial anion exchange and surfactant self-assembly
approaches. Active sites in the constructed Bi-based photocatalytic systems can be
easily manipulated via the introduction of hetero-anions, facilitating the adsorption of
reactant molecules and the de-adsorption of products. Efficient charge transfer and
separation to exposed surfaces for catalytic reactions induced by their internal electric
field can take place in interfaces between atomically thin stacked 2D layers,
remarkably enhancing their photocatalytic activity.

In addition, for 2D Bi-based photocatalysts, it is theoretically and experimentally
verified that surface coordinatively unsaturated Bi atoms can serve as catalytic active
sites in the photocatalytic process, contributing to the adsorption and activation of
reactant molecules. Hence, engineering unsaturated Bi atoms in exposed facets can be
an effective strategy to enhance the photoactivity. In comparison to the anion exchange
method, the surfactant self-assembly approach possesses the competitive advantage on
the large-scale production of 2D atomically thin Bi-based vertical heterostructures.
However, the stacking orientation of 2D Bi-based layers in desired vertical
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heterostructures can be more rationally controlled via the anion exchange strategy. The
photogenerated reactive oxygen species of 2D Bi-based photoconversion systems as
electron and hole acceptors play significant roles on the promotion of photocatalytic
performance and the reaction pathways in photocatalytic processes are strongly
dependent on the main reactive oxygen species.

7.2. Outlook
In future prospect, the directions for the development and exploration of novel 2D Bibased layered materials on energy-related applications can be focused on the following
aspects.

For lack of large‐scale synthesis methods, energy-related industrial applications of 2D
Bi-based layered materials have been practically restricted. To tackle this challenge, it
is necessary to develop new approaches for the formation of 2D Bi-based layered
materials with large-scale production. In addition, the physicochemical properties of
monolayers or few layers of 2D layered materials often differ dramatically from those
of parent bulk. The weak inter-layer interaction between stacked layers in 2D Bi-based
layered materials permits the theoretical and experimental preparation of monolayers
or atomically thin layers, which can be expected to exhibit superior energy-related
properties. And the atomic termination on exposed surfaces for 2D Bi-based layered
materials as a key factor on performances of environmental remediation and energy
conversion is still a matter for controversy, which should be computationally and
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experimentally confirmed, particularly for those consisting of ternary or multinary
elements.

Vacancy engineering has been a significant strategy for modifying photocatalysts to
enhance the photoreduction activity. This is because vacancies can affect the materials
structure, and the introduction of defects can lead to lattice distortions and secondary
phase formation. Nevertheless, apart from oxygen vacancy, few other kinds of
defects/vacancies have been reported, which need to be verified by theoretical and
experimental explorations. Furthermore, if these vacancies are occupied/modified by
foreign metal atoms via advanced doping approaches, new photocatalytic systems with
unprecedented catalytic activity might be achieved due to localized lattice distortions
that arise from the dispersion of isolated single metal atoms.

For the lateral heterostructures, a p-n junction pattern can be built in to integrate
multiple n-type and p-type Bi-based semiconductors within a single nanosheet, so that
the charge carriers can be separated automatically in-plane and accelerated by the
electric field in the interface of the junction. What is more, because the photogenerated
electrons and holes in the interfaces can be transferred spatially in the vertical
direction, the vertical p-n heterojunction can also be an ideal model to design an
efficient photoconversion system. Then, the photoredox reactions can proceed on the
different exposed surfaces.

To fundamentally understand the operation of 2D Bi-based layered materials on the
atomic scales in energy conversion and storage processes, in-situ high technologies
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like in-situ X-ray absorption spectroscopy (XAS), in-situ infrared radiation (IR), and
in-situ scanning transmission electron microscopy (STEM) can be utilised. The
reaction processes, such as compositional and structural changes of Bi-based
materials, the interaction between reactant molecules and 2D Bi-based layered
materials, and the transfer of charge carriers may be in-situ observed. It can be much
helpful to guide continuing research in energy-related applications of 2D Bi-based
layered materials.
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